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Abstract
Concern regarding the potential penetration of water treatment systems by pathogens such as 
Cryptosporidium parvum oocysts has highlighted problems with traditional (chemical) 
treatment systems. Slow sand filters are considered to be a robust option for water treatment 
both within industrialised and developing countries. The minimal use of chemicals (tertiary 
disinfection recommended) during the treatment process also makes the system an 
environmentally sound alternative.
Although, historically, slow sand filters hâve been ^ow n to be robust barriers to the 
penetration of pathogens, the mechanisms which bring about water treatment within the beds 
are poorly understood. Factors which influence the particle capture performance of biological 
water treatment systems are examined. The influence of operational practices and influent 
water characteristics on particle capture are investigated through pilot scale work and through 
surveys carried out on full-scale works in developing world countries. The pilot plants studied 
incorporated up-flow gravel prefilters and fabric enhanced slow sand filters. A novel gravel 
prefilter design, which incorporated an underdrain cavity to enhance the cleaning process, was 
developed and tested at pilot scale.
A detailed investigation was carried out to further the understanding of organism and filter 
characteristics on particle capture. Different suspensions of an alga (Chlorella vulgaris) and a 
bacterium {Bacillus globigii var niger) were dosed onto sand beds and their influence on bed 
properties examined. This work demonstrates the influences organism and water properties 
have on plant performance. The biological maturity of a treatment system was highlighted as 
being of major importance. Diurnal particle fluctuations within the pilot beds were observed, 
and may have resulted from low nutrient conditions. Such characteristics have not been 
reported prior to this work.
Traditional filtration theory and biofilm theory are reviewed. The relevance of filtration theory 
to biological filtration is questioned. Consideration should be given to the influence and 
interaction of physical, chemical and biological mechanisms on particle capture.
Table Of Contents
Volume I
Part 1: Executive Summary
Section 1: Project Route Plan................................................................. 2
Section 2: Executive Summary.............................................................. 4
2.1. Introduction............................................................................................................... 4
2.2. Project aims....................................................................  4
2.3. Shalford pilot p lan t...................................................................................................5
2.4. Overseas projects......................................................................................................7
2.5. Limitations of theory.................   9
2.6. Kempton pilot p lan t....................................   10
2.7. Discussion................................................................................................................12
2.7.1. Comparison of Pilot Plants.......................................................................... 12
2.7.2. Operation and Communication  ...............................................................  13
2.7.3. Sampling Schedule and Choice of Determinands..................................... 14
2.8. Conclusions..............................................................................................................15
2.9. Environmental Technology......................................................  17
Section 3: Future Work........................................................................ 18
Section 4: References............................................................................ 19
Part 2: DFID Final Project Report
Section 1: Project History..................................................   22
Section 2: Project Objectives...................................   23
2.1. Project Number R 4648A: Evaluation of Reduced Depth Fabric Protected Slow 
Sand Filters............................................................................................................. 23
2.2. Project Number R 5505C: Development and Integration of Small Scale M ulti­
stage Treatment for Drinking Water.................................................................... 24
Section 3: Background.......................................................................... 25
3.1. Multi-stage Filtration.............................................................................................25
3.2. Slow Sand Filtration.............................................................................................. 25
3.3. Enhanced Slow Sand Filters......................  27
3.4. Gravel Prefilters......................................................................................................28
3.4.1. Theory and Aspects of Filtration.....................................   29
3.5. Pesticide Removal.................................................................................................. 30
Section 4: Phase 1- Evaluation of Reduced Depth Fabric Protected
Slow Sand Filters................................................................ 32
4.1. Surbiton Pilot Plant................................................................................................ 32
4.2. Conduct of Experiments........................................................................................38
4.3. Results: Prefilters and Fabric Enhanced Slow Sand Filters.............................. 40
4.4. Discussion of Phase 1 Research............................................................................42
Section 5: Phase 2- Development and Integration of Small Scale Multi­
stage Treatment for Drinking Water.................................46
5.1. Shalford Pilot Plant................................................................................................ 46
5.2. Conduct of Experiments......................................................  53
5.3. Results: Upflow Gravel Prefilters (UPFs).......................................................... 55
5.3.1. Microbiological Performance of UPFs...................................................... 55
5.3.2. Physical Performance of U PFs................................................................... 57
5.3.3. Cleaning of UPFs..........................................................................................66
5.3.4. Laboratory Prefilter Tests............................................................................71
5.4. Results: Fabric Enhanced Slow Sand Filters (FESSFs).....................................72
5.5. Results: Fabric Only Filter (FOF)........................................................................ 73
5.6. Herbicide Removal in the Multi-stage System...................................................75
5.6.1. Removal of Atrazine.................................................................................... 75
5.6.2. Removal of 2,4-D and M CPA .................................................................... 76
5.6.3. Removal of Paraquat.................................................................................... 78
5.6.4. The effect of performance variables on removal......................................79
5.7. Discussion of Phase 2 Research............................................................................85
Section 6; Terminal Disinfection.......................................................... 88
6.1. Chlorination theory................................................................................................ 90
6.2. Disinfection Methods for Small Communities in Developing World 
Countries................................................................................................................. 91
6.3. The Stel C ell .............................................................................................92
6.4. Stel Cell Laboratory T ests.................................................................................... 94
6.4.1. Biocidal Tests on Coliform Bacteria......................................................... 94
6.4.2. Reduction in Chemical Contaminant Levels.........................  95
6.4.3. Turbidity Reductions.........................................................................   95
6.4.4. Decay of Chlorine in Neat Anolyte Solution............................................ 95
6.4.5. Redox potential decay in anolyte solutions...............................................96
6.5. Chlorine Demand Reduction through Clean and Dirty Gravel Prefilters and
Slow Sand Filters................................................................................................................ 97
6.5.1. Introduction................................................................................................... 97
6.5.2. Experimental method................................................................................... 97
6.5.3. Analytical Methods...................................................................................... 97
6.5.4. Results............................................................................................................ 98
6.6. Disinfection Discussion.................................................................................... 100
6.6.1. Stel Cell Discussion....................................................................................100
6.6.2. Pre-filter Discussion.................................................................................. 101
Section 7: Prefilter Construction at Dennery, St. Lucia...................102
7.1. Dennery Water Treatment W orks.......................................................................102
7.2. New Raised Floor Upflow Gravel Prefilter Design......................................... 104
7.3. Prefilter Operation and Performance................................................................. 109
Section 8: Overview of Multi-stage Filtration...................................I l l
Section 9: Conclusions........................................................................ 118
Section 10: References........................................................................ 119
Appendices
Appendix A: Surbiton faecal coliform counts.................................123
Appendix B: Surbiton Turbidity Results.........................................127
Appendix C: The standard (ISO) membrane filtration method.... 131
Appendix D: Bacteriophage testing..................................................132
Appendix E: Poliovirus study.......................................................... 133
Appendix F: Shalford Pilot Plant Prefilter Underdrain Design 134
Appendix G: Suspended Solids Analysis..........................................135
Appendix H: Coulter Sampling Procedure......................................136
Appendix I: Chromatography...........................................................138
Appendix J: Shalford Faecal Coliform Data....................................139
111
Appendix K: Shalford Turbidity Data..............................................148
Appendix L: Laboratory Prefilter Turbidity Dosing Results........ 161 
Appendix M: Data for the Removal of Atrazine across each of the
Filters at Shalford pilot plant.....................................162
Appendix N: Data for the Removal of Paraquat across each of the
Filters at Shalford pilot plant.....................................163
Appendix O: Effect of bed depth, contact time and flow rates of the 
biological filters on the removal of Atrazine and 
Paraquat...................................................................... 164
Part 3: Final Research Report
Section 1: Project Aims....................................................................... 167
Section 2: Particle Capture, Biofilm Theory and Filtration
Theory................................................................................ 169
2.1. Slow Sand Filters................................................................................................. 169
2.1.1. Laminar or Turbulent Flow........................................................................170
2.2. B iofilm s.................................................................................................................171
2.2.1. Biofilm Structure........................................................................................172
2.2.2. Media Surface and Conditioning.............................................................. 173
2.2.3. Resistance Through Biofilm Development..............................................174
2.2.4. Biofilm Growth........................................................................................... 175
2.2.5. Oxygen Diffusion and Porosity................................................................ 177
2.2.6. Nutrient Availability...................................................................................178
2.2.7. Biofilm Interactions....................................................................................179
2.3. Bacteria..................................................................................................................180
2.3.1. Pili, Fimbriae, and Flagella..............................................  182
2.4. Polym ers................................................................................................................183
2.5. Theoretical Particle Capture Analysis............................................................... 184
2.5.1. Transport Mechanisms............................................................................... 185
2.5.1.1. Diffusion........................................................................................... 185
2.5.1.2. Interception.......................................................................................186
2.5.1.3. Sedimentation/Gravity................................................................... 186
2.5.1.4. Inertia...................................   188
2.5.1.5. Advection.......................................................................................... 188
IV
2.5.1.6. Hydrodynamic Forces..................................................................... 189
2.5.1.7. Straining............................................................................................ 190
2.5.1.8. Chemotactic.......................................................................................190
2.5.1.9. Motility.............................................................................................. 190
2.5.1.10. Combined Effects...........................................................................191
2.5.2. Attachment Mechanisms............................................................................ 191
2.5.2.1. Electrical Double Layer Interactions.............................................192
2.5.2.2. Stem Layer........................................................................................193
2.5.2.3. Steric Repulsion............................................................................... 194
2.5.2.4. Electrokinetic Phenomena and Zeta Potential...............................194
2.5.2.5. Van der Waal’s Forces.................................................................... 195
2.5.2.6. Hydration.....................   197
2.52.1. Hydrodynamic Combined Effects.................................................. 198
2.5.2.8. Polymers............................................................................................200
2.5.2.9. Reversible to Irreversible Adhesion.............................................. 201
2.5.3. Detachment Mechanisms...........................................................................202
2.5.3.1. Shear  .........................................................................................203
2.5.3.2. Grazing.............................................................................................. 204
2.5.3.3. Migration/Motility............................................................................205
2.5.3.4. Sloughing..........................................................................................205
2.5.3.5. Avalanche Effects............................................................................205
2.5.3.6. Starvation..........................................................................................206
2.5.3.7. Shedding of Biofilm........................................................................ 206
2.5.3.8. Destination of Detached Organisms.............................................. 206
2.6. Mathematical M odels..........................................................................................207
2.6.1. Trajectory M odelling................................................................................. 207
2.6.1.1. Particle Transport.......................................................................   207
2.6.1.2. Single Collector Efficiency, rj........................................................ 209
2.6.1.3. Head Loss..........................................................................................210
2.6.2. Phenomenological Modelling......................     212
2.6.2.1. Filter Coefficient, X ......................................................................... 212
2.6.2.2. Specific Deposit, o ...........................................................................214
2.6.2.3. Fluid Hydrodynamics...................................................................... 214
2.6.3. Trajectory versus Phenomenological Theories.......................................215
2.7. Plant Design and Operation................................................................................216
2.7.1. Optimisation......................;.........................................................................216
2.7.2. Filter Media................................................................................................. 217
2.7.3. Operational Constraints.............................................................................218
2.8. Influence of Particle Characteristics.................................................................. 218
2.9. Conclusion............................................................................................................ 219
Section 3: Project Details.................................................................... 221
3.1. Pilot Plant D etails................................................................................................ 221
3.1.1. Flow Rate Selection................................................................................... 223
3.1.2. Sample Flow Control................................................................................. 223
3.2. Choice of Sand......................................................................................................224
3.3. Choice of Influent W ater.................................................................................... 225
3.4. Choice of Particles............................................................................................... 225
3.5. Dosing............................  226
3.6. Parameters Monitored..........................................................................................227
3.6.1. Particle Counters.........................................................................................229
3.6.2. SEM Samples..............................................................................................230
3.6.2.1. Air Drying.........................................................................................231
3.6.2.2. Freeze Drying................................................................................... 231
3.6.2.3. Critical Point Drying....................................................................... 232
3.6.2.4. Fixing Method and Sample Preparation for Critical Point
Drying.............................................................................................. 233
3.7. Controls.........................................................................................................  234
3.8. Sampling............................................................................................................... 234
3.8.1. Water Samples............................................................................................234
3.8.2. Media Samples............................................................................................235
3.8.3. Core Sam pler.............................................................................................. 236
3.8.4. Sample Preparation.................................................................................... 238
Section 4: Results & Discussion......................................................... 240
4.1. Temperature, pH and Dissolved Oxygen in Influent.......................................240
4.2. Headloss.................................................................................................................242
4.3. Microbial Adhesion To Hexadecane (MATH).................................................245
4.4. Particle Size Distribution............................................   246
4.4.1. In let.............................................................................................................. 246
4.4.2. 50mm D epth............................................................................................... 248
4.4.3. 100mm D epth ............................................................................................. 249
4.4.4. 300mm D epth .............................................................................................250
4.5. Scanning electron microscopy............................................................................252
4.6. Bulk fluid samples.................................   260
4.6.1. Chlorophyll .............................................................................................. 260
4.6.2. Bacillus globigii..........................................................................................264
4.6.3. Adenosine Triphosphate (ATP)................................................................268
4.6.4. Particulate Organic Carbon (POC).......................................................... 275
4.7. Core Samples........................................................................................................279
4.7.1. Chlorophyll a .........................................................................  279
4.7.2. Bacillus globigii.....................;................................................................... 282
4.7.3. Particulate Organic Carbon (POC)  ...............................................284
4.8. Summary of results.............................................................................................. 289
Section 5: Discussion........................................................................... 291
5.1. Bed Characteristics.............................................................................................. 291
5.2. Particle Count Data.............................................................................................. 296
5.3. Regions of Chlorella vulgaris and Bacillus globigii capture.........................301
5.4. Adenosine Triphosphate (ATP)..........................................................................303
VI
Section 6: Conclusions........................................................................ 305
Section 7: References and Bibliography........................................... 308
Appendix A: Analytical Methods...................................................... 318
A .l Chlorophyll a (Spectrophotometric assay)....................................................... 318
A.2 Particulate Organic Carbon Analysis.................................................................319
A.3 BIOTRACE - Bacillus globigii var. niger Enumeration................................ 321
A.4 Adenosine Triphosphate (ATP)..........................................................................322
A.5 Microbial Adhesion To Hexadecane (MATH).................................................323
Appendix B: BioBlm breakdown....................................................... 324
B .l Dithiothreitol (DTT)............................................................................................. 324
B.2 Ultrasonication......................................................................................................324
Part 4: Papers
Section 1: Particle Counting For Rapid Gravity Filter
Management...................................................................... 328
1.1. Abstract..................................................................................................................328
1.2. Introduction........................................................................................................... 328
1.3. Experimental.........................................................................................................332
1.4. Results....................................................................................................................332
1.4.1. Contact Filtration and direct Filtration....................................................332
1.4.2. Effect of Pre-ozonation  .................................................................... 335
1.5. Discussion............................................................................................................. 337
1.6. Conclusions........................................................................................................... 339
1.7. Acknowledgements..............................................................................................340
1.8. References............................................................................................................. 340
Section 2: Water Treatment by Multistage Filtration Utilising Gravel 
Prefilters and Fabric Enhanced Slow Sand Filters ...... 344
2.1. Abstract..................................................................................................................344
2.2. Introduction.......................................................................  344
2.3. Multistage Pilot Plant...........................................................................................345
2.3.1. Upflow Gravel Prefilters............................................................................348
2.3.2. Fabric Enhanced Slow Sand Filters & Fabric Only Filter.................... 353
2.4. Conclusions.........................................................................................   353
2.5. Acknowledgements.............................................................................................. 356
2.6. References............................................................................................................. 357
Vll
Section 3: Advanced Multistage Filtration....................................... 358
3.1. Abstract................................................................................................................. 358
3.2. Introduction..........................................................................................................359
3.3. Multistage Filtration............................................................................................359
3.3.1. Upflow Prefîlters.........................................................................................360
3.3.2. Fabric Enhanced Filters.............................................................................360
3.4. Shalford Pilot Plant.............................................................................................. 362
3.4.1. Turbidity......................................................................................................362
3.4.2. Suspended Solids........................................................................................363
3.5. Particle Size Analysis..........................................................................................363
3.5.1. Coulter® Multisizer I I ...............................................................................363
3.5.2. Edit Facilities of the Coulter® M ultisizer...............................................364
3.6. Results of Shalford Pilot Plant...........................................................................  365
3.6.1. Turbidity...............................................................   365
3.6.2. Suspended Solids........................................................................................366
3.6.3. Particle Size Distribution...........................................................................368
3.7. Conclusion......................................................................  372
3.8. References............................................................................................................. 372
Section 4: The Role of Particle Counting in the Water Industry... 373
4.1. Abstract..................................................................................................................373
4.2. Introduction.............................................................................................   373
4.3. Turbidity............................................................................................................... 374
4.4. Particle Size And Counts.................................................................................... 376
4.4.1. Flow Based Laser Counters............................................   377
4.4.2. Electrical Sensing Counter (Coulter Counter)........................................ 377
4.4.3. Advantages and Disadvantages of Particle Counters for use within the 
Water Industry............................................................................................. 379
4.4.4. Light Microscopes and Flow Cytometers................................................381
4.5. Relationship Between Turbidimetry And Particle Size Analysis/counting. 382
4.6. Conclusion............................................................................................................ 383
4.7. References............................................................................................................. 384
Section 5: Biofilms, Filtration Theory and Particle Removal 387
5.1. Abstract..................................................................  387
5.2. Introduction........................................................................................................... 387
5.3. Surrogate D osing................................................................................................. 389
5.4. Particle Removal.................................................................................................. 390
5.4.1. Physical/ Chemical mechanisms...............................................................390
5.4.2. B iofilm s.......................................................................................................390
5.5. Particle Removal Mechanisms........................................................................   392
5.5.1. Transport Mechanisms.......................................................................   392
5.5.2. Attachment Mechanisms............................................................................392
5.5.3. Detachment Mechanisms...........................................................................394
5.6. Particle Capture.....................................................................................................395
Vlll
5.7. Discussion............................................................................................................. 395
5.8. Conclusion............................................................................................................397
5.9. References...................................................................  397
Part 5: Reports
Section 1: Gravel Préfiltration Unit Proposai................................... 402
Section 1: Thames Water, Group R&T............................................ 402
1.1. General description of prefilter units.................................................................403
1.2. Capex...........................................................   403
1.3. Opex.......................................................................................................................404
1.4. Cost per ...........................................................................................................404
1.5. Particle size removal..............................   404
1.6. Turbidity rem oval................................................................................................405
1.7. Solids removal capacity...................................................................................... 405
1.8. Particle physiology..............................................................................................405
1.9. Percentage Backwash..................................  405
1.10. Down time...........................................................................................................405
1.11. Waste water disposal........................................................................................ 405
1.12. DWI approval status......................................................................................... 406
1.13. Maintenance/ reliability.................................................................................... 406
1.13.1. Mechanical................................................................................................406
1.13.2. Water quality.............................................................................................406
1.14. Number of treatment stages......................  406
1.15. Plant footprint.................................................................................................... 406
1.16. Biological rating  ...............................................................................................407
Section 2: WASA, St. Lucia Report -1993........................................ 413
2.1. Acknowledgements...................................     414
2.2. Introduction...........................................................................................................415
2.3. General Introduction to W ASA......................................................................... 415
2.4. Introduction to Slow Sand Filtration Plants......................................................418
2.4.1. Micoud Intake and Water Treatment Plant............................................. 418
2.4.2. Delcer Intake and Water Treatment Plant............................................... 420
2.4.3. Dennery Zone Intakes and Water Treatment Plant................................ 421
2.4.3.1. Thomazo Intake................... .......................................................... 421
2.4.3.2. Au Leon Intake.................................................................................422
2.4.3.3. Demiere Riviere Intake N o .l ......................................................... 423
2.4.3.4. Demiere Riviere Intake N o.2......................................................... 424
2.4.3.5. Dennery Intake and Water Treatment Plant................................. 424
2.5. Dennery Pilot Plant..............................................................................................427
IX
2.6. Results................................................................................................................... 431
2.6.1. Turbidity values of Raw, Prefiltered and Slow Sand Filtered Water from 
Dennery Pilot Plant (10* - 30* Sept. 1993)...........................................432
2.6.2. Faecal Coliform values of Raw, Prefiltered and Slow Sand Filtered Water 
from Dennery Pilot Plant (10* - 30* Sept. 1993)................................. 435
2.7. Discussion............................................................................................................. 435
2.7.1. Problems encountered during the first pilot plant run............................435
2.7.2. Possible Improvements to the Pilot Plant and Full Scale Plant and Aims 
for Future Research.................................................................................... 436
2.7.3. Discussion of Pilot Plant Results............................................................. 437
2.8. Conclusions...........................................................................................................438
2.9. References............................................................................................................. 439
Section 3: CINARA, Colombia Report -1994.................................. 440
3.1. Acknowledgements..............................................................................................441
3.2. Introduction........................................................................................................... 442
3.2.1. Colombia......................................................................................................442
3.2.2. Population and Water Supply...................................................................442
3.2.3. CINARA - Centro Inter-Regional de Abasteciemiento y  Remocion de 
A g u a ............................................................................................................. 443
3.3. TRANSCOL - Programa de Transferencia Integral y  Organizada de 
Technologia en Agua Potable ............................................................................445
3.3.1. Introduction................................................................................................. 445
3.3.2. Problems facing CINARA, the Environment and Colombia................446
3.3.3. Surveillance and Control Project of Water Supply Systems including 
Community Participation...........................................................................447
3.3.3.1. Environmental Policies...................................................................447
3.3.3.2. Objectives..........................................................................................447
3.3.3.3. Methodology.................................................................................... 448
3.3.3.4. Results........................................   448
3.3.3.5. Monitoring........................................................................................ 448
3.3.3.6. Team Organisation.......................................................................... 448
3.4. LA SIRENA..........................................................................................................450
3.4.1. Introduction................................................................................................. 450
3.4.2. Source..........................................................................................................450
3.4.3. Treatment Plant...........................................................................................451
3.4.4. Summary of Problem s...............................................................................453
3.4.5. Pre-Design for Sirena Treatment Plant....................................................454
3.4.5.1. Determination of Plant Design D ata ............................................. 454
3.4.5.2. Design of Dynamic Roughing Filter, DyRF:............................... 457
3.4.5.3. Design of Upflow Roughing Filter in Layers, U RFL:................458
3.4.6. Recommendations...................................................................................... 459
3.5. L aFelid ia.............................................................................................................. 460
3.6. Suspended Solids Laboratory W ork..................................................................463
3.6.1. Abstract........................................................................................................463
3.6.2. M ethod.............................................................................  464
3.6.3. Results..........................................................................................................465
3.6.4. Discussion................................................................................................... 471
Appendix A: EngD module: Social Impact Assessment
(May 1994)................................................................... 474
Section 4: St. Lucia Report -1995..................................................... 479
4.1. Introduction...........................................................................................................480
4.2. Dennery Water Treatment Works......................................................................481
4.2.1. The new Plant of 1987......................   482
4.2.2. Study Methods and Proposed Improvements to Dennery W T W  482
4.2.2.1. Preliminary....................................................................................... 483
4.2.2.2. Phase 1 ..............................................................................................484
4.2.2.3. Phase 2 ..............................................................................................484
4.2.2.4. Phase 3 ...............................................   485
4.3. 1995: Dennery Plant Modifications...................................................................486
4.3.1. Design and Construction of the Third Prefilter Tank............................486
4.3.2. Design of Underdrain S lab ....................................................................... 488
4.3.3. Construction Details for Underdrain S lab .............................................. 490
4.4. Results....................................................................................................................491
4.5. Conclusions...........................................................................................................492
4.6. References.............................................................................................................493
Appendix B: Dennery Prefilter 3 Design Plans................   494
XI
Volume II
Part 6: Six monthly reports
Section 1: Six month report
- October 1993 to March 1994
Section 2: Twelve month report
- April to September 1994
Section 3: Eighteen month report
- October 1994 to March 1995
Section 4: Twenty-four month report
- April to September 1995
Section 5: Thirty month report
- October 1995 to March 1996
Section 6: Thirty-six month report
- April to September 1996
Section 7: Forty-two month report
- October 1996 to March 1997
Section 8: Forty-eight month report
- April to September 1997
Xll
List Of Figures 
Part 1: Executive Summary
Figure 1 Flow chart of project route p lan ............................................................................3
Part 2: DFID Final Project Report
Figure 1 Schematic of Surbiton pilot plant....................................................................... 32
Figure 2 Downflow gravel prefilter design....................................................................... 34
Figure 3 Fabric enhanced slow sand filter design.............................................................36
Figure 4 Faecal coliform results for all stages of treatment monitored over
Runs 1 to 8 .............................................................................................................. 40
Figure 5 Surbiton Pilot Plant - Slow Sand Filter Turbidity Levels for all stages of
treatment - Run 2 ................................................................................................... 41
Figure 6 Surbiton Pilot Plant - Slow Sand Filter Faecal Coliform Levels for all stages
of treatment - Run 5 ............................................................................................... 41
Figure 7 Mean slow sand filter turbidity levels................................................................45
Figure 8 Mean slow sand filter faecal coliform levels.....................................................45
Figure 9 Schematic of Shalford pilot plant....................................................................... 47
Figure 10 Section of upflow prefilter in Potopak tank ....................................................48
Figure 11 Phage removal through prefilters when simultaneously dosed with kaolin
suspension............................................................................................................... 56
Figure 12 Filter coefficient variation for UPF 1 over a period of 568 days................58
Figure 13 Filter coefficient variation for UPF 2 over a period of 568 days................59
Figure 14 Filter coefficient variation for UPF 3 over a period of 568 days................59
Figure 15 Particle size distribution data for routine prefilter samples (2 to 60pm
equivalent diameters)............................................................................................. 60
Figure 16 Particle size distribution data for routine prefilter samples (0.75 to 20pm
equivalent diameters).............................................................................................60
Figure 17 Percentage reduction of particles through UPFs for routine sam ples..........61
Figure 18 Turbidity levels of routine UPF and FESSF samples.....................................61
Figure 19 Particle size distribution through prefilters during kaolin dosing Test 3
(5 to 25 minutes after dosing commenced)....................................................... 62
Figure 20 Particle size distribution through prefilters during kaolin dosing Test 3
(25 to 45 minutes after dosing commenced)...................................................... 62
Figure 21 Particle size distribution through prefilters during kaolin dosing Test 3
(45 to 65 minutes after dosing commenced)...................................................... 63
Figure 22 Particle size distribution through prefilters during kaolin dosing Test 3
Xlll
(65 to 85 minutes after dosing commenced).....................................................63
Figure 23 Particle size distribution through prefilters during kaolin dosing Test 3
(85 to 105 minutes after dosing commenced)....................................................64
Figure 24 Particle size distribution through prefilters during kaolin dosing Test 3
(105 to 125 minutes after dosing commenced)..................................................64
Figure 25 Turbidity levels in UPF 1 draindown effluent during cleaning,
Runs A & B ............................................................................................................ 67
Figure 26 Suspended solids levels in UPF 1 draindown effluent during cleaning.
Runs A & B ............................................................................................................ 67
Figure 27 Suspended solids levels in UPF 2 effluent during hydraulic cleaning........68
Figure 28 Suspended solids levels in UPF 3 effluent during hydraulic cleaning........68
Figure 29 Particle size distribution of PFl draindown effluent during cleaning..........69
Figure 30 Suspended solids levels in UPF 1 draindown effluent versus time............. 69
Figure 31 Attenuation of turbidity by FESSFs.................................................................72
Figure 32 Bacteriophage removal across the FESSFs.....................................................73
Figure 33 Removal of 2,4-D through UPFs and FESSFs................................................77
Figure 34 Removal of MCPA through UPFs and FESSFs............................................. 78
Figure 35 Determination of zone removal of 2,4-D by FESSF......................................81
Figure 36 Comparison of 2,4-D removal by schmutzdecke versus bed depth .............82
Figure 37 Percentage penetration of 2,4-D through slow sand filters........................... 83
Figure 38 Rate of adsorption of the test herbicides with F-400 granular activated
carbon...................................................................................................................... 84
Figure 39 The Stel cell......................................................................................................... 93
Figure 40 FAC concentration in anolyte solution.............................................................96
Figure 41 REDOX potential decay over 12 day period...................................................96
Figure 42 Chlorine demand of clean and dirty prefilter lines (week 1).........................98
Figure 43 Chlorine demand of clean and dirty prefilter lines (week 2).........................98
Figure 44 Correlation between chlorine demand and faecal coliform count for all
sample points.......................................................................................................... 99
Figure 45 Correlation between chlorine demand and turbidity for all sample points .99
Figure 46. Dennery prefilter- underdrain slab ................................................................ 106
Figure 47. Dennery prefilter - underdrain slab reinforcement details......................... 106
Figure 48. Dennery prefilter- underdrain slab shuttering..............................................107
Figure 49 Shalford pilot plant prefilter underdrain design............................................134
Part 3: Final Research Report
Figure 1 Profile of laminar flow (transporting inert and biological particles)............ 171
Figure 2 Schematic of biofilm system (Adapted from Handley, 1995)....................... 172
Figure 3 Biofilm accumulation stages (Adapted from Characklis, 1990b)................ 175
Figure 4 Biofilm formation processes (Adapted from Bryers & Characklis, 1992).. 176 
Figure 5 Interaction energies between equal spherical particles as a function of
separation distance (adapted from Gregory, 1993)..........................................199
XIV
Figure 6 Effect of particle size on particle transport coefficient, deposition occurring on 
a horizontal plate of length 0.1m tangential to flow (adapted from Bouwer,
1987) 208
Figure 7 Headloss development with time (adapted from Ives, 1982)........................211
Figure 8 Treatment method related to particle size (adapted from Tebbutt, 1992) ...216 
Figure 9 Layout of Kempton filter beds, showing four pilot beds, two dosing tanks and
waste tank ............................................................................................................. 221
Figure 10 Cross section of Bed A, showing sample, turbidimeter and particle counter
tapping points.......................................................................................................222
Figure 11 Isokinetic sampling and flow control of pilot beds......................................224
Figure 12 Profile of sand grading used in pilot beds .......................................... 224
Figure 13 Relative turbulence and collapse characteristics of critical point drying,
freeze drying and air drying methods................................................................230
Figure 14 Details of core sampler, core sample case and plunger............................... 237
Figure 15 Bed showing core sampler in drained bed during sampling process 
(paler sand shows where previous cores were taken and back-filled
with clean sand).............................................................   238
Figure 16 Core sampler and sample, after sample has been pushed onto sample support 
(shows cutters marking depth at which samples were taken for analysis) ...238 
Figure 17 Increase in temperature and dissolved oxygen with time
(Bed A supernatant)............................................................................................. 241
Figure 18 Temperature and pH versus time (Bed A supernatant)............................... 242
Figure 19 Headloss development versus week within the top 50mm depth of all four
pilot b ed s ...................................................   243
Figure 20 Headloss development versus week within the top 100mm depth of all four
pilot b ed s .............................................................................................................. 243
Figure 21 Headloss development versus week within the top 300mm depth of all four
pilot b ed s .............................................................................................................. 244
Figure 22 Average of increase in headloss within all four pilot beds versus
bed depth .............................................................................................................. 244
Figure 23 Pre-dosing particle size distribution data within inlet for particle range 2pm
to 4pm particles (6* January 1997)..................................................................246
Figure 24 Particle size distribution data - Inlet (week 5).............................................. 247
Figure 25 Particle size distribution data - Inlet (week 11)............................................ 248
Figure 26 Particle size distribution data - 50mm (week 5 )........................................... 249
Figure 27 Particle size distribution data - 100mm (week 2 )......................................... 250
Figure 28 Particle size distribution data - 300mm (week 1)......................................... 250
Figure 29 SEM data showing polymer strands holding bacteria onto sand surface
(Core sample. Bed A, 50mm to 60mm depth)..................................................252
Figure 30 SEM data showing biological mat covering bacterial spores
(Core sample. Bed A, 50mm to 60mm depth)..................................................253
Figure 31 SEM data showing organisms sheltering in crevices................................. 253
Figure 32 SEM data showing evidence of footholds....................................................254
Figure 33 SEM data showing polymer production by swarming bacteria
(Water sample - Week 5, Bed C, 50mm depth)...............................................255
Figure 34 SEM data showing small bacteria (due to low nutrient conditions)......... 255
XV
Figure 35 SEM data showing microcolonies/ collapsed organisms/ ciliate protozoa 
remains? Also shows fungus.
(Core sample, Bed C, 300mm to 310mm depth)............................................. 256
Figure 36 SEM data showing ciliate protozoa
(Water sample - Week 3, Bed A, 100mm to 110mm depth)..........................256
Figure 37 SEM data showing prosthecate extensions on bacteria............................... 257
Figure 38 SEM data showing biological growth within a mature biological bed
(courtesy of R. Bayley, Thames Water, R&T).................................................258
Figure 39 SEM data showing colloidal Iron Oxide associated with Gallionella......258
Figure 40 SEM data showing presence of diatoms, Cocconeis spp.
(Core sample Bed A, 0mm to 50 mm depth)....................................................259
Figure 41 Average chlorophyll a versus week - Bed C .................................................261
Figure 42 Average percentage reduction of chlorophyll a versus week - Bed C ......262
Figure 43 Average chlorophyll a versus week - Bed A .................................................263
Figure 44 Average percentage reduction of chlorophyll a versus week - Bed A ......264
Figure 45 Average Bacillus globigii versus week - Bed B ........................................... 265
Figure 46 Average percentage reduction of Bacillus globigii versus week - Bed B .266
Figure 47 Average Bacillus globigii versus week - Bed A ........................................... 267
Figure 48 Average percentage reduction of Bacillus globigii versus week - Bed A .268
Figure 49 Average chlorophyll a and ATP versus week - Bed C ................................ 269
Figure 50 Average chlorophyll a and ATP versus week - Bed A ............................... 270
Figure 51 Average Bacillus globigii and ATP versus week - Bed B ..........................270
Figure 52 Average Bacillus globigii and ATP versus week - Bed A  ..............271
Figure 53 Average adenosine triphosphate versus week - Bed C................................ 272
Figure 54 Average percentage reduction of ATP versus week - Bed C ..................... 273
Figure 55 Average adenosine triphosphate versus week - Bed A ............................... 274
Figure 56 Average percentage reduction of ATP versus week - Bed A ..................... 275
Figure 57 Average particulate organic carbon versus week - Bed B ...........................276
Figure 58 Average particulate organic carbon versus week - Bed C ...........................277
Figure 59 Average particulate organic carbon versus week - Bed A ..........................278
Figure 60 Core samples: chlorophyll a within Bed C, measured daily for four days
subsequent to dosing............................................................................................280
Figure 61 Core samples chlorophyll a within Bed A, measured daily for four days
subsequent to dosing............................................................................................281
Figure 62 Core samples Bacillus globigii within Bed B, measured daily for four days
subsequent to dosing............................................................................................283
Figure 63 Core samples Bacillus globigii within Bed A, measured daily for four days
subsequent to dosing............................................................................................284
Figure 64 Core samples particulate organic carbon within Bed B, measured daily for
four days subsequent to dosing...........................................................................286
Figure 65 Core samples particulate organic carbon within Bed C, measured daily for
four days subsequent to dosing...........................................................................287
Figure 66 Core samples particulate organic carbon within Bed A, measured daily for
four days subsequent to dosing...........................................................................288
Figure 67 Particle counts within the Inlet of Bed A showing diurnal trends resulting
from algal bloom (week 11 - 24* to 30* M arch)........................................... 297
XVI
Figure 68 Particle counts within Bed A for particle size range 2pm to 4pm, showing 
diurnal trends resulting from algal bloom (week 11 - 24* to 30* March) ..298 
Figure 69 Particle counts within Bed A for particle size range 4pm to 8pm, showing 
diurnal trends resulting from algal bloom (week 11 - 24* to 30* March) ..299 
Figure 70 Adenosine triphosphate measurement procedure.........................................322
Part 4: Papers
Figure 1 AWTC Experimental Stream ...........................................................................332
Figure 2 Comparison of direct filtration and contact filtration with various coagulant
doses......................................................................................................................333
Figure 3 Effect of change in pre-ozone dose on RGF performance
(comparison of particle count and turbidity)....................................................335
Figure 4 Effect of change in pre-ozone dose on filtrate particle size distribution
(Contact filtration m ode).................................................................................... 336
Figure 5 Turbidity Run 3 .................................................................................................. 365
Figure 6 Turbidity Run 3 .................................................................................................. 366
Figure 7 Turbidity % Reduction Run 3 ...........................................................................366
Figure 8 Suspended Solids Run 3  .................................................................................. 367
Figure 9 Suspended Solids Run 3 .................................................................................... 367
Figure 10 Suspended Solids % Reduction Run 3 .......................................................... 368
Figure 11 Particle Number Distribution Run 3 ...............................................................369
Figure 12 Particle Number Distribution Run 3 ...............................................................369
Figure 13 Particle Number Distribution Run 3 ...............................................................369
Figure 14 Particle Number Distribution Run 3 ...............................................................370
Figure 15 Particle Volume Distribution Run 3 ...............................................................370
Figure 16 Particle Volume Distribution Run 3 ..................................   371
Figure 17 Particle Volume Distribution Run 3 ...............................................................371
Figure 18 Particle Volume Distribution Run 3 ...............................................................371
Figure 19 Relationship between Turbidity and Suspended Solids for Samples taken at
different stages of a Multistage Biological Filtration Pilot Plant (5 ) ............376
Figure 20 Differential Volume and Number Distribution
(acquired from Coulter software)...................................................................... 378
Part 5: Reports
Figure 1 Map of St. Lucia................................................................................................. 417
Figure 2 Micoud Water Treatment Plant (Inflow chamber in foreground followed by
flow control chambers and slow sand filter units)........................................... 419
Figure 3 Delcer Intake (“v” notch weir intake control, note silt build up and cloudiness
X V ll
of raw water)........................................................................................................ 420
Figure 4 Delcer Water Treatment Plant (two old slow sand filter beds in foreground 
with inflow and flow control chambers.Storage tank and new units in
background.).........................................................................................................420
Figure 5 Au Leon storage tan k ........................................................................................ 422
Figure 6 Demiere Riviere Intake N o .l ........................................................................... 423
Figure 7 Demiere Riviere Intake, Settlement Cham ber............................................... 423
Figure 8 Dennery Intake................................................................................................... 424
Figure 9 Dennery Water Treatment Plant (Covered Slow Sand Filters with flow control
chambers, upflow Prefilters in background)....................................................425
Figure 10 Plan of Dennery Water Treatment P lant.......................................................426
Figure 11 Dennery Multi stage Filtration Pilot Plant (left to right: Slow Sand Filter and
two Upflow Prefilters)........................................................................................ 428
Figure 12 Lowering the Underdrain into the SSF Tank................................................ 429
Figure 13 Dennery Multi-stage Filtration Pilot Plant....................................................430
Figure 14 Dennery pilot plant (two gravel prefilters and slow sand filter)................431
Figure 15. Landslide after tropical storm (1995)........................................................... 480
Figure 16. Polluted surface water subsequent to storm ................................................ 481
Figure 17. Pipe supports for concrete underdrain slabs................................................ 487
Figure 18. Tank edge supports for concrete underdrain slabs......................................488
Figure 19. Underdrain slab layout................................................................................... 489
Figure 20. Method for Slab Calculations (Not to Scale).............................................. 489
Figure 21. Manual placement of underdrain slabs......................................................... 490
Figure 22. Breaking out of concrete slab..................................................................... ...491
Figure 23. Dennery prefilter- underdrain slab ................................................................494
Figure 24. Dennery prefilter -underdrain slab reinforcement details..........................495
Figure 25. Dennery prefilter- underdrain slab shuttering.....................;.......................496
X V lll
List Of Tables
Part 1: Executive Summary
Part 2: DFID Final Project Report
Table 1 Gravel gradings for downflow prefilters.............................................................34
Table 2 Sand gradings for slow sand filters...................................................................... 35
Table 3 Manometer spacing in fabric enhanced slow sand filters..................................37
Table 4 Characteristics of fabric used in slow sand filters............................................. 38
Table 5 Bacteriophage and poliovirus capture within the fabric enhanced slow sand
filters........................................................................................................................ 42
Table 6 An example of the performance of objectives for removal of turbidity and 
thermotolerant coliform bacteria in small-scale water treatment
(adapted from WHO, 1993).................................................................................. 43
Table 7 Configuration of unit treatment processes (adapted from WHO, 1993)......... 44
Table 8 Mean faecal coliform levels in upflow prefilters and percentage reductions
(August 1993 to November 1995)....................................................................... 55
Table 9 Bacteriophage removal in prefilters..................................................................... 56
Table 10 Mean turbidity removal in upflow gravel prefilters.......................................57
Table 11 Overall mean suspended solids levels in upflow gravel prefilters................. 58
Table 12 Mean turbidity and suspended solids removal for routine samples and kaolin
dosing test Runs 1-4.................................................................................  65
Table 13 Specification of fabrics utilised in filters.......................................................... 74
Table 14 Herbicides adsorbed on schmutzdecke samples...............................................80
Table 15 Modifications to Dennery water treatment works, 1987 - 1992...................104
Table 16 Upflow Gravel Prefilters....................................................................................112
Table 17 Fabric Enhanced Slow Sand Filters and Fabric Only Filters........................ 115
Table 18 Surbiton faecal coliform counts (colony forming units/100ml sample) 123
Table 19 Surbiton turbidity results...................................................................................127
Table 20 Shalford faecal coliform data............................................................................ 139
Table 21 Shalford turbidity data.......................................................................................148
Table 22 Laboratory prefilter turbidity dosing results................................................... 161
Table 23 Data for the removal of atrazine across each of the filters at Shalford pilot
p lant....................................................................................................................... 162
Table 24 Data for the removal of paraquat across each of the filters at Shalford pilot
p lant........................................................  163
Table 25 Effect of bed depth, contact time and flow rates of the biological filters on the
removal of atrazine and paraquat.......................................................................164
Table 26 Effect of bed depth, contact time and flow rates of the biological filters on the 
removal of 2,4-D and M CPA ............................................................................. 164
XIX
Part 3: Final Research Report
Table 1 Expected regions of organism adherence with respect to sample type 239
Table 2 Hydrophobicity measurements of Bacillus globigii and Chlorella vulgaris
using MATH analysis..........................................................................................245
Table 3 Average inlet particle concentration..................................................................247
Table 4 Average of particle concentrations for each particle range, recorded between
dosing for weeks 1 to 10 (counts/ml)................................................................251
Table 5 Summary of average chlorophyll a. Bacillus globigii, adenosine triphosphate 
and particulate organic carbon values over thirteen week dosing period for all
four beds............................................................................................................... 260
Table 6 Summary of average percentage reduction of chlorophyll a. Bacillus globigii, 
adenosine triphosphate and particulate organic carbon through all
four beds............................................................................................................... 260
Table 7 Average chlorophyll a - Bed C .......................................  261
Table 8 Average percentage reduction of chlorophyll a - Bed C ................................ 261
Table 9 Average chlorophyll a - Bed A ...........................................................................262
Table 10 Average percentage reduction of chlorophyll a - Bed A .............................. 263
Table 11 Average Bacillus globigii - Bed B ................................................................... 264
Table 12 Average percentage reduction of Bacillus globigii - Bed B .........................265
Table 13 Average Bacillus globigii - Bed A ................................................................... 266
Table 14 Average percentage reduction - Bacillus globigii - Bed A ..................... .....267
Table 15 ATP comparison between Bed A and Beds B +C .......................................... 269
Table 16 Average adenosine triphosphate - Bed C........................................................ 271
Table 17 Average percentage reduction adenosine triphosphate - Bed C .................. 272
Table 18 Average adenosine triphosphate - Bed A ....................................................... 273
Table 19 Average percentage reduction adenosine triphosphate - Bed A .................. 274
Table 20 Average particulate organic carbon - Bed B ...................................................275
Table 21 Average particulate organic carbon - Bed C ...................................................276
Table 22 Average percentage reduction particulate organic carbon - Bed C   ...... 277
Table 23 Average particulate organic carbon - Bed A ..................................................277
Table 24 Average percentage reduction particulate organic carbon - Bed A .............278
Table 25 Core samples chlorophyll a (mg/1) - Bed D ....................................................279
Table 26 Core samples chlorophyll a (mg/1) - Bed C ....................................................280
Table 27 Core samples chlorophyll a (mg/1) - Bed A ....................................................281
Table 28 Core samples Bacillus globigii (cfu/ml) - Bed B ........................................... 282
Table 29 Core samples Bacillus globigii (cfu/ml) - Bed A .......................................... 283
Table 31 Core samples particulate organic carbon (mg/1) - Bed B..................... ...285
Table 30 Core samples particulate organic carbon (mg/1) - Bed D ........................285
Table 32 Core samples particulate organic carbon (mg/1) - Bed C.........................286
Table 33 Core samples particulate organic carbon (mg/1) - Bed A ........................287
Table 34 Thames Water quality criteria for treated water before chlorination (Brennan, 
1995; Newby & Chipps, 1994)...........................................................................292
XX
Part 4: Papers
Table 1 Example of particle counting data in Direct Filtration mode
(No pre-ozonation)..............................................................................................333
Table 2 Example of particle counting data in Contact Filtration mode
(No pre-ozonation)..............................................................................................334
Table 3 Comparison of turbidity and particle removal for different coagulant doses in
both contact and direct filtration modes (no pre-ozonation)..........................334
Table 4 Example of particle counting data in Contact filtration mode with pre­
ozonation (1.0 mg/1) - [Raw water turbidity =1.5 NTU]...............................335
Part 5: Reports
Table 1 Underdrain area ratios..........................................................................................429
Table 2 Supporting Stone Size Range and Depth.......................................................... 429
Table 3: Turbidity Results for Phase 3 ............................................................................485
Table 4: Fæcal Coliform Results for Phase 3 .................................................................486
XXI
Part 1: Executive Summary
Executive Summary
Section 1
Project Route Plan
Executive Summary
Report & Paper Outputs Project Direction Practical Output
EngD conference paper; 
Role of particle counting in 
the water industry, 
including comparison of 
particle counts, suspended 
solids and turbidity_______
Analysis of long term 
performance of highly 
biologically active filters
Assessment of influence of 
particle size on capture 
efficiency, results related to 
filtration theory___________DFID Report
Assessment of a novel underdrain 
cavity design for prefilters_______
Prefilter design for a 
Thames Water membrane 
filter plant______________
Design and construction 
of gravel prefilter in St. 
Lucia, (based on Shalford 
pilot plant performance)
Displayed diurnal trends, 
highlights the importance of 
sampling schedule and problems 
with current filtration models
Influence of different organisms 
on particle capture efficiency 
and bed properties _______
Use of organisms to assess bed 
performance (surrogate dosing)
Design of core sand sampler
Assessment of drying methods for 
biological water samples and 
development o f drying method for 
sand samples for analysis by SEM
Overseas reports:
St. Lucia (1993 & 1995) 
Colombia (1994)______
CIWEM paper regarding 
use of particle counters 
in the water industry
EngD & Slow Sand 
Filter conference papers: 
Multi-stage filtration
Shalford: upflow 
gravel prefilters and 
fabric-enhanced 
slow sand filters
Aim: to investigate 
water treatment and 
particle removal by 
biological filters
Visits to developing 
world countries: site 
surveys, plant design 
and assessment
Kempton pilot plant: 
particle removal 
performance when 
challenged
Literature review into 
traditional filtration 
theory and biofilm 
theory plus EngD 
conference paper
Importance of choosing appropriate 
parameter for assessing 
characteristics of sample__________
Filtration theory: limited 
understanding regarding 
interaction between and 
influence of physical, 
chemical and biological 
mechanisms
Key drivers for research:-
Optimisation o f biological filters for use within industrialised and developing countries; 
Existing filtration theory and models not appropriate for biological filters; 
Cryptosporidium oocyst penetration o f water treatment systems.___________  ,
Figure 1 Flow chart of project route plan
Executive Summary
Section 2
Executive Summary
2.1. Introduction
Safe water is one of the fundamental necessities of life. Increasing agriculture, industry and 
the use of chemicals has greatly impaired the quality of water. In addition, the penetration of 
water treatment works by Cryptosporidium parvum oocysts has highlighted problems in 
traditional (chemical) treatment works and/or their management, particularly within the USA 
and the UK (McClellan, 1998; Karanis et aL, 1996; Lisle & Rose, 1995). Water treatment 
processes must respond to such pressures and provide an efficient and economic means to treat 
the water to a safe standard.
Biological water treatment systems have proved to be a much more effective barrier against 
pathogen penetration than traditional treatment systems. However, the understanding of the 
removal process is poorly understood. Current filtration theory does not consider the influence 
of biological mechanisms on particle capture. In addition, filtration models are currently 
unable to take into consideration the complexity of biological influences.
2.2. Project aims
The main objective of this research was to investigate particle removal through biological 
filters. Analysis of filter characteristics and performance was also required, with the ultimate 
aim of furthering the understanding of filter performance. The purpose of this work was to 
improve the efficiency and reliability of biological treatment systems.
The first stage of the research assessed the long-term performance of a simple, but robust, 
multi-stage biological system. This system was suitable for application within rural locations 
and where resources may be limited. The influence of raw water characteristics and 
operational features were assessed, both within the UK and in developing world locations.
The second stage of the project assessed the performance of uprated sand filters, when 
challenged with high concentrations of organisms. The influence of organism properties on 
particle capture and bed characteristics was also investigated.
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2.3. Shalford pilot plant
The first stage of this research gave information on the influence of design features, water 
characteristics and operational control on plant performance through the long-term assessment 
of a multi-stage biological pilot plant. This pilot plant was designed and (with the help of 
researchers from the Centre for Environmental Health Engineering, University of Surrey) built 
at Shalford water treatment works, a Thames Water facility near Guildford. It comprised two 
rows of upflow gravel pre-filters, each row consisting of three pre-filters in series containing 
media of different sizes, reducing from 40mm to 20mm to 10mm nominal diameter.
The prefilters were enhanced with PVC underdrain supports, which supported the 0.5m depth 
of gravel media. The effluent from both rows of pre-filters flowed into a manifold tank where 
it was distributed to three fabric-enhanced filters built in parallel. Pilot plant details have been 
reported in the DFID Final Project Report (Part 2: Section 5).
Shalford pilot plant was monitored over a two year period (Oct. 1993 to Oct. 1995). Long term 
studies are important in order to assess the influence of seasonal variations. The pilot plant was 
modified in 1995 to allow investigations into the particle capture efficiency and attenuation 
capabilities of the pre-filters when challenged with increasingly high concentrations of 
suspended solids, using kaolin suspensions. A summary of the key results of the study carried 
out on Shalford pilot plant are given below.
• When challenged with high turbidity levels the removal efficiency across all three prefilters 
increased from a general level of 60 to 75% up to 90%, confirming the prefilters’ potential 
for attenuating sharp turbidity/suspended solids peaks (Part 2: Chapter 5.3.2.). The 
prefilters also gave average reductions in faecal coliform levels, across all three beds, 
greater than 80% and reductions in phage levels of approximately 90% (Part 2: Chapter
5.3.1.).
• Kaolin suspensions were loaded cyclically onto the first prefilter, initially at a turbidity of 
120NTU and then decreasing to 25NTU (Part 2; Chapter 5.3.2.). Although the effluent 
from the lead prefilter gave slight indication of the turbidity peaks loading the filter, the 
effluents from the other prefilters gave smooth turbitity profiles. The reduction in particle 
concentration was greater across the second two prefilters, implying that fluctuating 
turbidity levels influence particle capture efficiency.
• Before “steady state” conditions had been attained during kaolin dosing, particles of 
diameters 0.75)im to 2.0|Lim passed through the prefilters faster than particles 2|im to 7pm 
in diameter. Once the filters had stabilised the capture rate of particles increased and 
reached a steady level (Part 2: Chapter 5.3.2.). Data indicated that the differences in 
particle capture profiles for particles greater than and less than 2pm was due to different 
particle capture mechanisms, i.e. sedimentation and diffusion respectively. Particle capture 
within the two downstream prefilters was more consistent than the first prefilter.
• Analysis of particle size distribution data measured during kaolin dosing gave minimal 
removal for particles 2pm to 2.25pm equivalent diameter. This was consistent with earlier 
research, indicating a transition between particles transported via diffusion and by 
settlement. It was slightly greater than the value of I pm proposed by Y ao et al. (1971). 
However, the author believes that the particle size where minimal capture occurs is
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influenced by water and particle characteristics (such as viscosity and density) as well as 
biological mechanisms, and hence may vary by several micrometers.
• Since the prefilters at Shalford were of the upflow type, cleaning was carried out under 
gravity, reducing the need for mechanical equipment. The upflow prefilters also minimised 
the risk of sludge carry-over into downstream processes. The underdrain cavity design 
proved able to remove significant levels of deposited solids, which greatly assisted filter 
cleaning and overall plant performance.
• Cleaning data for the lead prefilter (40mm nominal diameter) gave a rapid increase in 
suspended solids during the final stages of draindown, after a run time of 250 seconds (Part 
2: Chapter 5.3.3.). Such a response was not observed in the washwater suspended solids 
data of the downstream prefilters. It is believed that the larger media, in the lead prefilter, 
allowed deposits formed on the media to fall through the bed and into the underdrain 
cavity, as the last few litres of washwater drained through the bed. The ease of removal of 
deposits which fell into the underdrain cavity considerably assisted the prefilter 
performance.
• Particle capture within the prefilters resulted in lower loads onto the fabric enhanced slow 
sand filters, protecting them from potential blockage and increasing their run time. Some 
peaks in supernatant turbidities were experienced. However, the greater porosity of the 
fabric layers assisted the fabric enhanced slow sand filters to tolerate these periods of high 
turbidity (40 to 80NTU for a maximum duration of 48 hours). The load-sharing of the 
prefilters, their ability to protect the fabric enhanced slow sand filters and the ability of the 
fabrics to extend run time are all important features of the multi-stage treatment system.
• The flow through the fabric-enhanced slow sand filters was maintained at 0.15m/h. With 
the assistance of the upflow prefilters the slow sand filters were able to produce water with 
a turbidity less than INTU and give a reduction in faecal and total coliform levels typically 
in excess of 99%. Throughout the research programme the fabric-enhanced slow sand 
filters confirmed their potential to increase run times, giving run periods of approximately 
120 days (Part 2: Chapter 5.4.).
Overall, the Shalford pilot plant demonstrated the benefits afforded by a multi-stage system to 
attenuate and reduce variable loading rates. Even with the high flow rate, large media pre­
filters proved able to significantly reduce biological loadings. Results from the monitoring 
period of the Shalford pilot plant have been reported in the DFID Final Project Report. In 
addition two papers were presented, one at the 1994 EngD conference (Part 4: Section 3) and 
the second at the 1996 Advances in Slow Sand and Alternative Biological Filtration 
Conference (Part 4: Section 2). Both papers discuss the merits of a multi-stage biological 
filtration system.
A design proposal using the underdrain cavity pre-filter was also submitted for use on a 
remote Thames Water treatment plant in Scotland. In this instance, the benefits afforded by the 
design were its ability to cope with varying raw water qualities and the limited requirement for 
daily monitoring. The pre-filters were required to protect membrane filters from high 
particulate loading rates, including biological loading. However, due to limitations in land 
space, the proposal was not considered physically feasible (Part 5: Section 1).
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2.4. Overseas projects
The UK based pilot scale work was supplemented by overseas visits to water treatment works 
in developing countries. Three visits were made to organisations which operated multi-stage 
pre-filter and slow sand filter plants. The first visit was in 1993 to the Water And Sewerage 
Authority (WASA) in St. Lucia. During the ten week visit, surveys of some of WASA’s slow 
sand filter treatment works were carried out. The surveys highlighted several problems, 
including:
• inadequate pre-treatment facilities;
• unreliable raw water supply resulting in varying flow rates;
• uneven flow through sand beds (due to unlevel surfaces and particulate saturation of 
sections of the sand bed resulting in tracking);
• potential contamination of treated water (due to poor security, access of animals and birds 
to water at different stages of treatment);
• poor site maintenance.
In order to investigate some of these problems, a multi-stage filter pilot plant was designed and 
built at WASA’s Dennery water treatment works, with assistance from the site operators. The 
pilot plant consisted of two upflow pre-filters (with underdrain cavities) built in series and one 
slow sand filter. This was monitored over the ten week visit, however the filtration results 
were poor due to high concentrations of colloidal particles and low levels of nutrients within 
the raw water. This resulted in the slow maturation of the beds. Complications also arose due 
to the unreliability of the influent water supply which resulted in large flow fluctuations. Such 
problems also occurred within the full-scale plant. Further details are given in ‘WASA, St. 
Lucia Report - 1993’ (Part 5: Section 2).
The Dennery pilot plant studies displayed many of the problems noted within the main works, 
such as the use of dirty media and interruptions to raw water supply. Problems also occurred at 
plant intakes, mainly due to increased agriculture, specifically banana plantations, resulting in 
greater pollution of the raw water from chemicals and surface soil caused by increased 
agriculture and erosion. The site surveys have been reported in ‘WASA, St. Lucia - 1993’ 
(Part 5: Section 2).
A second complementary visit was made in 1994 to a research centre, Centro Inter-regional 
de Abastecimiento y Remocion de Agua (CINARA), in Colombia. CINARA is a multi-faceted 
non-profit making organisation, involved with research into water treatment, the design and 
building of specific and appropriate water treatment systems, public health services and expert 
support which helps communities to operate and maintain their own treatment works.
As in St. Lucia, surveys were carried out of some of CINARA’s slow sand filter plants. The 
surveys generally showed good site monitoring and maintenance. Detailed report keeping and 
good communication between parties was also evident. However, certain sites were restricted 
in storage and pretreatment facilities, which resulted in disruptions to the supply and quality of
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effluent during maintenance periods. Raw water supply lines had openings, used as bleed 
valves, which were potential zones for contamination. Problems highlighted by the site 
surveys and their solutions have been reported in ‘CINARA, Colombia - 1994’ (Part 5: 
Section 3). The problem of inadequate pretreatment facilities was addressed at one site, and 
design calculations were made for proposed improvements to the site.
Like WASA, CINARA also faced the problem of limited resources, although communication 
and training were much better. CINARA’s lack of laboratory resources was addressed during 
the visit in 1994. Employees had communicated the desire to carry out particle size 
distribution analysis on pilot scale treatment designs. A method was developed, using simple 
technology, and has been reported in ‘CINARA, Colombia - 1994’ (Part 5: Section 3).
One of the important facets of CINARA’s organisation was the consideration of the 
sociological impact of their work on the communities. CINARA gave careful regard to the 
most appropriate treatment system for each site location, taking into consideration available 
resources, the surrounding environment and the local community. The surveys demonstrated 
that multi-stage systems, such as that developed and operated at the Shalford pilot plant, can 
give good water treatment and are able to cope with fluctuating influent water characteristics, 
with turbidity peaks up to approximately 400 NTU. The systems are easy to maintain, 
sustainable and appropriate for developing-world countries where chemical and financial 
resources are limited. However, a certain degree of training of the plant operators is necessary 
if the system is to be reliable. Lack of understanding will result in poor plant operation and 
poor effluent quality.
The performance of sites operated by CINARA contrasted greatly with the poor performance 
of WASA operated sites. The survey, carried out in 1993, had shown the treatment facilities at 
Dennery water treatment works to be inadequate, with high flow rates through the prefilters, 
poor choice of media within the slow sand beds and possible bed saturation. All these 
problems could be rectified, however, time and resources only permitted the problem of high 
flow through the prefilters to be addressed. The encouraging performance of the up-flow 
gravel pre-filters at the Shalford pilot plant prompted the decision to use a similar pre-filter 
(with under-drain cavity) design for application as a pre-treatment stage in St. Lucia. The site 
had two existing up-flow pre-filters leading onto two slow sand filter beds.
The construction of the pre-filter was supervised during a third overseas visit in 1995, and 
resulted in the flow rate through the existing prefilters being reduced from approximately 
1.4m^/m^/h to less than Im^/m^/h. Modifications were made to the prefilter design used for 
the existing two prefilters, including the incorporation of an underdrain cavity. The underdrain 
cavity was composed of reinforced concrete slabs, supported at the comers by plastic pipes 
filled with concrete (details given in Part 2: Section 7 and Part 5: Section 4). The three-week 
site visit also entailed resourcing of materials, budgeting and coordinating between parties in 
St. Lucia and the U.K. Details of this project have been discussed in ‘St. Lucia Report, 1995’ 
(Part 5: Section 4). Problems with the site and recommendations have been given in ‘WASA,
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St. Lucia Report - 1993’ (Part 5: Section 2).
Although the raised floor prefilter is considered to be a robust and reliable unit, with 
favourable operational characteristics, the performance of the new prefilter built at Dennery 
has been very poor. Data supplied by WASA, for the period 5^ March to 1 December 1998, 
indicated a mean turbidity removal across each of the three prefilters of approximately 7% to 
9%. Limitations of resources, poor communication within WASA, inadequate record keeping 
and minimal training of employees all contributed to the poor performance of the upflow 
prefilters.
Another important point to consider is the characteristics of the raw water supplying Dennery, 
namely high concentrations of fine colloids, low nutrient levels and sudden sharp peaks in 
turbidity. Although further research work is needed to establish the performance of the system 
under controlled conditions, the potential limitation of multi-stage filtration to deal with 
colloidal, low nutrient raw waters must be considered.
2.5. Limitations of theory
The work at Shalford and overseas had given contrasting performance of the biological multi­
stage treatment system. Although site operation and management were found to be inadequate 
in WASA, other factors were also involved, such as unsuitable raw water characteristics. 
Consequently the next stage of work focused on the influence of raw water characteristics on 
particle capture and filter performance.
One of the initial drivers for this work was to respond to concerns expressed by the water 
industry, general public and politicians regarding the penetration of pathogens, such as 
Cryptosporidium parvum oocysts, into public supplies of drinking water. The destination and 
viability of organisms during their time within biological treatment systems is poorly 
understood. It is necessary to understand the influence of capture mechanisms occurring 
within the beds in order to improve operational methods, consequently increasing the 
reliability and efficiency of biological treatment systems.
As an introduction to this phase of the work two literature reviews were carried out. The first 
researched traditional filtration theory, which considered the impact of physical and chemical 
mechanisms on particle removal. The second reviewed biofilm theory, in order to take into 
consideration the influence of biological mechanisms. It was felt that the two theories, 
traditional filtration and biofilm, were intricately inter-linked in their influence and interaction 
with each other, and hence would greatly affect the characteristics and properties of a 
biological filter bed.
The importance of considering biofilm theory can be demonstrated by the analysis of influent 
and effluent particle properties. In a biologically active bed, particles may be captured, broken
Executive Summary
down, form floes or aggregates; biological particles may undergo growth, reproduction, 
predation and lysis. All these mechanisms may be acting simultaneously, altering the 
properties of the particles/organisms as they travel through the bed. Such mechanisms will 
also alter bed properties.
A review of chemical, physical and biological mechanisms which influence particle capture 
was presented at the EngD Conference 1996 (Part 4: Section 5). A concise literature review is 
given in the final research report (Part 3: Section 2).
2.6. Kempton pilot plant
The final stage of the work involved an analysis of the influence of particle properties and 
biological activity on particle capture efficiency and bed properties. The project proposal, 
aims and methodology have been discussed in the final research report (Part 3: Section 1). 
Four existing pilot scale sand filters at Kempton Park water treatment works were modified. 
Isokinetic sample lines were constructed and maintained at a constant flow rate in order to 
minimise disturbance to the beds. The beds were operated at 0.7m/hr, a rate much faster than 
traditional slow sand filters but comparable with the Shalford upflow prefilter flow rate, and 
fed with effluent from a full-scale slow sand filter.
Three beds were dosed for 4.5 hours on a weekly basis with different suspensions of 
organisms, the fourth bed (D) was used as a control. Bed A was dosed with a mixed 
suspension of Chlorella vulgaris cells and Bacillus globigii var. niger spores. Bed B with 
Bacillus globigii var. niger spores only and Bed C with Chlorella vulgaris cells only. The 
dosed organisms were chosen based on certain criteria determined by the author, with special 
consideration given to the appropriateness of the organism to represent organisms naturally 
present in the raw water source. Points to consider when surrogate dosing were briefly 
discussed in the EngD Conference paper 1996, titled ‘Biofilms, filtration theory and particle 
removal’ (Part 4: Section 5). The choice of particle and the criteria used to determine the most 
appropriate dosing particle are given in Part 3: Chapter 3.4.
A sand core-sampler was designed so that core samples could be taken on consecutive days, 
whilst minimising disturbance to the remainder of the bed. The novel core sampler design is 
detailed in the final research report (Part 3: Chapter 3.8.). Core samples were analysed to 
determine the strength and type of attachment of organisms to media surfaces.
The water and core sand samples taken from the Kempton pilot plant were also examined by 
scanning electron microscopy (SEM). In order to analyse samples using the SEM, the samples 
first had to be fixed, prepared for drying and then dried. The drying method most suitable for 
drying samples containing Bacillus spores was determined to be air drying, due to its 
simplicity. This method was not suitable for organisms such as Chlorella vulgaris cells which 
collapsed during the process. Experimental analysis of three drying methods concluded that
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critical point drying was the most appropriate method for the biological samples. For 
consistency of results, all samples (both water and core samples) were dried using the same 
method.
A method for critically point drying sand samples was also devised. Details of sample 
preparation and the drying methods for filtered water and core sand samples are given in the 
final research report (Part 3: Chapter 3.6.2.).
A summary of the main findings of the study carried out on Kempton pilot plant are given 
below.
• The particle count data showed how particle concentration altered diumally throughout the 
day. Such data implies that daily spot samples may be very unrepresentative and 
emphasises the importance of sample schedules. It might be necessary to evaluate the 
performance of a bed over twenty-four hours, and filter runs preferably over one year, until 
its performance characteristics are better understood. This highlights the influence 
biological activity can have on bed characteristics.
• It was concluded that ATP was a good general indicator of highly active organisms but not 
less-active, dormant spores or cysts. This is of importance for sites exposed to 
heterogeneous suspensions and prone to exposure from pathogens such as 
Cryptosporidium parvum, since such harmful organisms may penetrate treatment systems 
without being detected. The use of ATP is discussed in the final research report (Part 3: 
Chapter 5.4.).
• ATP and POC analysis proved unsuitable for monitoring this system. Such data 
demonstrates the importance of defining which particles/properties are of importance to 
monitor. This allows the appropriate determinands to be chosen for monitoring specific 
properties of a system. Many monitoring methods will therefore be required in order to 
obtain a reliable indication of bed performance.
• Data indicated that the characteristics of the pilot beds monitored at Kempton varied from 
those of slow sand filters operated by Thames Water and were not biologically mature (Part 
3: Section 4 and Chapter 5.1.). This was due to faster flow rates, low nutrient levels (since 
the raw water was effluent from a full-scale slow sand filter) and the weekly dosing of 
concentrated suspensions of Chlorella vulgaris and Bacillus globigii var. niger. Particle 
capture occurred down to a bed depth of 300mm, due to high flow rates, limited biological 
maturation and particle properties.
• MATH analysis of suspensions of Bacillus spores and Chlorella cells showed them both to 
be hydrophilic (Part 3, Chapter 4.3.). Hence, they would have experienced repulsive 
hydration forces, due to a coating of water molecules. In order for attachment to occur, the 
organisms would have had to overcome such repulsive forces, possibly via polymer bonds. 
This indicates the importance of biological interactions, not considered in traditional 
filtration theory, on particle capture.
• The Bacillus spores were inert and unlikely to have produced polymers. Chlorella cells 
were more biologically active, and produced polymers, as indicated by SEM micrographs. 
In addition, the Chlorella cells secrete a wide range of compounds, which may have been 
used as a nutrient source by other organisms, assisting the development of a biological 
community and hence bed maturation. The production of polymers by attached organisms 
would have altered the surface chemistry of the media, assisting bed maturation and
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particle capture efficiency.
• Core and water sample data indicated that the strength of the initial attachments within 
Beds A and B were weak, whilst the strength of attachment forces within the top of the 
beds were stronger and more permanent. Core samples also indicated that Bed A released 
Chlorella cells with time after dosing, whilst no release occurred within Bed C. The 
differences between the beds’ abilities to retain particles indicate the influence different 
organisms/particles have on particle capture efficiency.
• Bacillus globigii var. niger spores are of approximate dimensions 0.8|im wide by 1.5p,m to 
1.8pm long, whereas Chlorella vulgaris is much larger, growing up to approximately 
10pm in diameter. Consequently, the Chlorella cells were transported mainly by 
gravitational forces whilst the Bacillus spores were probably influenced by both 
gravitational and diffusional forces. The data gave greater capture for the Chlorella cells 
than the Bacillus spores, partly due to particle size, since Bacillus spores are close to the 
particle size at which minimal particle capture occurs, i.e. at the transition between 
transportation by gravity and diffusion (Yao et al., 1971).
• Although all beds demonstrated degrees of capture and attenuation of peak loads, certain 
organisms proved able to penetrate deeper into the bed. This was particularly evident 
during the initial stages of the project, since the beds had not had adequate time or suitable 
conditions to mature. Such responses stress the importance of minimum bed depths and 
run-in periods. The results are reported and discussed in the final research report (Part 3: 
Section 5).
In summary, the low nutrient environment within the Kempton pilot plant demonstrated the 
influence biological activity can have on particle capture efficiency. The pilot plant also 
demonstrated how different organisms can influence bed characteristics and filter 
performance. Biological activity was shown to have caused diurnal fluctuations in particle 
numbers within the filter bed, in a manner which has previously not been reported. Such data 
indicates the influence bio-activity can have on bed properties and the inability of current 
theory to predict such characteristics. Kempton and Dennery data both indicate the influence 
low nutrient waters can have on the performance of biological filters. The work carried out on 
the Kempton pilot plant is detailed in Part 3.
2.7. Discussion
2.7.1. Comparison of Pilot Plants
The upflow prefilters at the Shalford pilot plant were highly biologically active when dosed 
with a concentrated suspension of kaolin (Part 2: Section 5). The prefilters proved to be 
efficient at capturing and attenuating peak loadings. Conversely, the uprated slow sand filters 
monitored at Kempton pilot plant, which were operated at the same flow rate as the prefilters 
at Shalford, gave much lower capture rates throughout the 300mm monitored depth (Part 3: 
Section 4). This was mainly due to the limited development of a biological community within 
the beds. Poor particle capture was also observed within the prefilters and slow sand filters at
12
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Dennery water treatment works in St. Lucia (Part 5: Section 2 and Section 4). This was due to 
the low nutrient levels within the raw water, which restricted the development of a biological 
community, although poor operational practices also contributed.
Pilot beds assessed during this research gave increased particle capture with time due to bed 
maturation. The first upflow prefilter (40mm graded media) at the Shalford pilot plant proved 
able to reduce the concentration of physical and biological particles. One of the reasons for the 
filter’s good performance is believed to be that it was the upstream unit, and hence was able to 
filter out more particulate organic material in the influent stream than subsequent prefilters, 
although dissolved organics would have been carried through to other prefilters. The organic 
matter would have provided a habitat in which bacteria could multiply and a food source for 
macro-invertebrates passing into the tank with the untreated water.
The filter beds at the Kempton pilot plant were not operating at maximum particle capture 
efficiency. Low nutrient environments occurred within the filter beds, indicated by SEM data 
which showed changes to bacterial morphology, such as the production of prosthecate 
extensions and the presence of microbacteria. Even though nutrients were limited within the 
beds, data indicated that particle capture increased with time. Time would have allowed the 
beds to increase their bio-activity and their particle capture efficiency. The regions which gave 
the most pronounced improvement in capture efficiency with time also corresponded to those 
regions capable of the greatest attenuation of peak loadings.
One of the reasons for using a high flow rate for the Kempton filters was to research the 
feasibility of uprating slow sand filters with the ultimate aim of increasing bed efficiency. As 
observed at Kempton pilot plant, increasing the flow rate increases particle penetration and 
hence the depth of biological activity. This may also assist in increasing the diversity of 
organisms at depths within the bed (Haarhoff & Cleasby, 1991). An increase in biological 
activity with depth may assist particle capture and improve filter performance. However, it 
may also result in particle ingress into the effluent. Further work is required in order to 
determine the influence of increased depth of biological activity on filter efficiency. One 
factor to take into consideration is that, as particle penetration increases, a greater volume of 
media may have to be cleaned, which will influence the economic viability of the system.
2.7.2. Operation and Communication
Although this research was interested in furthering the understanding of particle capture 
mechanisms within biological filters, its main aim was to increase the understanding of filter 
performance in order to optimise processes and increase reliability. The operation, monitoring 
and control of water treatment works are essential parts of maintaining a reliable and 
economic system.
The simple multi-stage technology researched at the Shalford pilot plant is sustainable and
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robust. However, work carried out at Dennery showed how poor administration, operation and 
maintenance can result in unsafe water treatment. Consistency of operation is imperative, 
especially for filters which rely on the activity of biological communities to provide the 
treatment. If the beds are allowed to run dry, go anaerobic, or if nutrient supplies are stopped, 
the effluent from the filters may be worse than the original raw water supply, as observed at 
the Dennery pilot plant (Part 5: Section 2).
Operation of beds must be routinely and consistently monitored. The work carried out by 
WASA (Part 5: Section 2 and Section 4) highlighted problems that occur when simple routine 
guidelines are not followed. Basic training of staff is necessary in order for them to 
understand, and put into operation, simple operational routines, plant monitoring and 
evaluation. The importance of good communication, support and report keeping should never 
be underestimated. CINARA (Colombia) is a good example of how long-term support, 
operational control and routine monitoring can result in efficient and reliable treatment 
systems.
2.7.3. Sampling Schedule and Choice of Determinands
Raw water characteristics, environmental conditions and filter bed properties are continually 
changing, due to external influences such as temperature and solar radiation. Such properties 
influence filter performance and effluent quality, hence it is important to continually monitor 
bed properties. However, due to physical, economic and time constraints, continuous 
monitoring of all determinands will not be possible. The sampling schedule will depend on 
company and legal standards and the associated risk factor.
Particle distribution data, monitored on filter Bed A at the Kempton pilot plant, followed 
diurnal trends, both within the influent and within the bed. The trends were determined to be 
due to an algal bloom and biological activity respectively. Daily spot samples would not reveal 
the profile of particle concentrations. This is of immense importance, since particle counters 
are generally not used within the water industry for routine monitoring of treatment systems, 
being used more for research purposes. The reasons for the limited application of particle 
counters within the water industry are the expense of the equipment (£25000 for four sensors - 
based on LiQuilaz model E20), lack of legal requirement to monitor particle concentrations 
and also the fact that the instruments have not been designed for routine monitoring of water 
treatment systems and are deemed too complicated an instrument for daily operation by many 
within the industry.
Consequently, daily samples may either under- or over-predict concentration levels. Although 
turbidity is often continually monitored, the research at Kempton showed that, under certain 
conditions, they are unable to monitor changes within the pilot beds. An increase in particle 
concentrations, or turbidity levels, generally indicate increased loading of potential pathogens. 
The sampling schedule must be carefully planned and frequently revised, in order to ensure
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pathogen penetration does not go unnoticed and, when necessary, to allow preventative 
actions to take place. When assessing bed performance, consideration should be given to the 
bed characteristics and the time of sampling. Ideally the bed should be monitored over a 24 
hour period and filter runs over a one year period. However, this may not always be a viable 
option.
Consideration should also be given to the choice of determinands used to assess bed 
performance. After cleaning of slow sand filters, water companies assess the filter effluent 
quality in order to determine whether it is safe to be returned to supply. Originally organism 
enumeration was used. However, Thames Water now supplement the assessment of biological 
determinands with ATP analysis (Mackay et a l, 1996; Smith et al., 1994). This work 
concluded that ATP was a good general indicator of highly active organisms but not less- 
active, dormant spores or cysts. This is of importance for sites exposed to heterogeneous 
suspensions and prone to exposure by pathogens such as Cryptosporidium parvum, since such 
harmful organisms may penetrate treatment systems without being detected. The use of ATP is 
discussed in the final research report (Part 3: Chapter 5.4.).
ATP and POC data demonstrated the importance of defining which particles/properties are of 
importance to monitor, in order that appropriate determinands are chosen for monitoring 
specific properties of a system. This research strongly advocates the use of many monitoring 
methods, in order to obtain a reliable indication of bed performance.
2.8. Conclusions
This work has shown that biological interactions within a filter bed may be more important for
an efficient filter than mechanisms defined by current filtration theory. The principal
conclusions drawn from this work are listed below:
• This work has shown the multi-stage system to be a reliable, robust and adaptable 
treatment system. However, the characteristics of the raw water, environmental factors, 
available resources as well as the knowledge and abilities of plant operators have also been 
demonstrated to be important considerations, and need to be assessed before the type of 
treatment process is chosen. Low nutrient, colloidal waters do not respond well to 
biological treatment.
• Minimal particle capture was determined to occur for kaolin particles approximately 2)-im 
in diameter. This is greater than the 1pm stated by Yao et al. (1971). The author believes 
that the size of particles at which minimal particle capture will occur depends upon bed 
maturity, particle density, bulk fluid viscosity, bulk fluid velocity and mean medium 
diameter.
• Upflow gravel prefilters, with 40mm nominal diameter gravel media, have been shown to 
give good particle capture rates and good biological treatment. It is proposed that the media 
size may be less important for efficient treatment than the properties of the raw water.
• The properties of Shalford prefilter washwater differed between the lead prefilter and the 
two downstream filters. The lead filter gave a high tail of suspended solids towards the end
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of the cleaning cycle, which was not evident in the other filter’s washwater. The larger 
40mm media, in the lead prefilter, allowed deposits to fall into the underdrain cavity, these 
deposits were easy to remove. The underdrain cavity is an important design innovation, 
introduced by this work, which assists prefilter performance.
Biological maturation has been shown to be of great importance if an efficient and reliable 
bed is to be attained, and is greatly influenced by the properties of the particles and 
dissolved nutrients loading it. Higher flow rates will give greater particle/nutrient loading, 
however this work has demonstrated that they also result in greater penetration into the 
bed. In most situations, greater flow rate will reduce capture efficiency and may increase 
maintenance costs, by reducing the length of run and, in the case of sand filters, increasing 
the depth of media to be cleaned.
An important observation of the work carried out on the Kempton pilot plant was the 
diurnal and biological changes in bed properties. Such changes are not considered by 
current filtration theory nor by filter models. Consequently, for a reliable assessment of bed 
performance to be made, it is strongly recommended that filter beds should be monitored 
over a 24 hour cycle, to assess diurnal changes, and several filter runs monitored over one 
year, to assess the influence of annual variations. In addition, the sampling schedule and 
choice of monitoring parameters should be carefully considered and planned, based on the 
properties of the raw water, bed characteristics and environmental conditions. The use of 
on-line monitoring systems, such as particle counters, will assist in assessing bed 
performance.
ATP analysis can be implemented for real-time biological monitoring of filter beds. 
However, great care should be taken when assessing water samples possibly contaminated 
with dormant pathogens, such as Cryptosporidium parvum oocysts. Interpretation of all 
data should consider bed, seasonal and environmental properties.
Organism biological characteristics, as well as size, influence particle capture. The algal 
cells, dosed onto the Kempton filters, may have been used as a nutrient source and hence 
would have assisted in the biological maturation of the bed. This would have aided particle 
capture efficiency within the bed.
The uprated sand beds of Kempton pilot plant developed different characteristics due to 
differences between suspensions dosed into the supernatants. This was displayed by 
differences in particle capture efficiencies, both during dosing and after thirteen weeks.and 
regions of capture
Initial Bacillus spore attachment, measured during dosing, was greatest below a bed depth 
of 50mm, whilst core samples gave greatest concentrations of spores within the top 50mm 
bed depth as measured after thirteen weeks. This indicated that the strength of attachment 
below 50mm was weaker than attachment forces within the top 50mm bed depth.
The presence of Bacillus spores within Bed A (Kempton) apparently reduced the strength 
of attachment of Chlorella cells during dosing, resulting in initial maximum capture below 
50mm within Bed A and within the top 50mm for Bed C. However, both beds gave 
maximum particle retention within the top 50mm of the bed when measured after thirteen 
weeks.
Bacillus globigii var. niger proved to be a useful organism to represent pathogens in cyst 
form. Chlorella vulgaris was useful in this work to demonstrate the different responses of 
organisms to their environment. However, this work indicates that it is not an appropriate 
‘surrogate’ organism for assessing the response of pathogenic cysts due to it’s potential use 
as a nutrient source for other organisms.
16
Executive Summary
2.9. Environmental Technology
This research has been carried out as part of the Brunei/Surrey Engineering Doctorate in 
Environmental Technology. The technology explored is sustainable, and uses natural, 
ecological processes to treat the water to a standard safe for human consumption. In general, 
chemicals are not required, except as a precautionary final stage of disinfection. Final 
disinfection is recommended by the author, especially for sites of variable raw water quality 
and which are infrequently monitored. The objective of the work is to enhance the biological 
treatment process in order to increase the efficiency and reliability of the treatment process, 
whilst minimising chemical inputs. This is of particular importance when considering waste 
treatment and disposal, particularly in developing world countries where waste treatment may 
not be carried out.
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Section 3
Future Work
Careful monitoring of effluents is recommended after peaks in contaminant levels within 
influent waters. Even when good particle capture is observed during peak loadings the 
strength of particle attachment may be weak. Bed monitoring regimes may be intensified 
during peak loading periods. However, if breakthrough occurs after influent loading rates 
have stabilised, the monitoring regime may have been relaxed, permitting pathogen 
penetration into the effluent to go unmonitored. Further research is required to determine 
the risk of particle penetration during and after spike loads. The mechanisms causing 
particle release still requires more research. The influence of particle or organism 
properties on their attachment strength needs to be considered, in addition to the influence 
of particle concentration.
More research is required to investigate the distribution of organisms, particularly cysts, 
within treatment works. The length of time that a dormant organism can remain viable 
within a bed, and the mechanisms which may result in its release back into the bulk fluid, 
need to be assessed. Such information will aid the assessment of the risk of pathogen 
contamination of effluent supplies.
Particle count data indicated that an algal bloom occurred and was able to penetrate the 
slow sand filter supplying the influent to the pilot plants. It is important to determine 
whether the ability to penetrate was a consequence of higher loading concentrations or due 
to the particle properties. Such research should then be related to the possible penetration of 
pathogens, due to loading rate or organism properties. Although the penetration of algae is 
of less concern than penetration of pathogens, it is important to understand the reasons for 
particle penetration through beds, in order to increase the reliability, efficiency and 
confidence in bed operation and performance.
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Section 1
Project History
In the 1980’s research projects at the University of Surrey and Imperial College, London, 
focused on optimising the performance of slow sand filters, both by fabric enhancement and 
by protection with gravel prefilters (Clarke, 1988; Mbwette, 1989; Graham & Mbwette, 1990). 
Slow sand filters are perceived as offering a simple, inexpensive and reliable means for 
improving the physical, chemical and microbial composition of water (Van Dijk & Oomen, 
1978) with the potential for widespread use in the developing world. A pilot plant facility 
using raw water from the River Thames was developed at Surbiton Water Treatment Works 
(Thames Water) over the period December 1990 to June 1993 to support ODA research 
project R4648. The project provided for evaluating the performance of reduced-depth fabric- 
protected slow sand filters.
Pre-treatment was provided by three downflow gravel prefilters linked in series. The pilot 
plant simultaneously supported a number of research activities associated with ODA Research 
Project R4373, which evaluated a number of disinfection options.
Research Project R4648A provided encouraging preliminary results and, after detailed 
discussions, it was subsumed into the wider ranging ODA Research Project R5505 which 
sought to develop and integrate small scale unit processes, identified in earlier research, into a 
multi-stage filtration water treatment system. The need to evaluate the longer-term 
performance of the gravel prefilters and enhanced slow sand filters was recognised. A pilot 
plant using raw water from the River Tillingboume was developed at Shalford Water 
Treatment Works (Thames Water) to facilitate the completion of project R5505.
As an understanding of pre-treatment filters was developed a further component of research 
was added to the programme. An up-flow prefilter was constructed at the Dennery Water 
Treatment Works (a Water And Sewerage Authority facility) in St. Lucia to evaluate 
constructional features and operational characteristics in the tropics. Research pilot plant work 
on Project R5505C was completed at the Shalford Works in March 1996, but information from 
St. Lucia was sought up to December 1998.
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Section 2
Project Objectives
2.1. Project Number R 4648A: Evaluation of Reduced Depth Fabric 
Protected Slow Sand Filters
(taken from ODA project memorandum dated 26*** July 1990)
Project objectives were detailed as follows:-
"The aim of this project is to investigate by how much the depth of conventional slow 
sand filters can be reduced by the application of synthetic fabrics whilst maintaining the 
treated water quality.
The research is to be based on pilot plant experiments undertaken at Surbiton Water 
Treatment Works. The original pilot plant was substantially upgraded and 
commissioned during the first six months of the project and operated over one and a 
half years to include seasonal and quality changes in the River Thames.
The primary objectives of the research were:
a) To refurbish and commission a pilot plant water treatment process to treat 
approximately 2m /^h of raw river water, utilising screens, abstraction pumps, header 
tank, six circular pre-filter units and three rectangular slow sand filter units.
b) To operate the plant with one slow sand filter unit as a reference (no fabric) and the 
other two with fabric enhancement and substantially reduced sand filter depths, in order 
to compare unit processes in terms of treated water quality.
c) To assess the ability of selected shallow depth fabric enhanced sand filters to prevent 
microbiological penetration of the filter. This would provide broad information on the 
ability of the filters to provide reliable water for supply purposes. It was intended to 
establish microbiological quality improvement by monitoring thermotolerant (assumed 
faecal) coliform as a bacterial indicator, Cryptosporidium species as a protozoan cyst, 
and attenuated poliovirus as a virus indicator.”
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2.2. Project Number R 5505C: Development and Integration of Small 
Scale Multi-stage Treatment for Drinking Water
(taken from ODA project memorandum dated 24*** February 1993)
Project objectives were detailed as follows:
"A pilot plant will be constructed at a particularly suitable location on the Shalford 
Water Treatment Works which uses raw water from the Rivers Tillingboume and Wey 
(Thames Water). ODA tanks and equipment, becoming available on the closure of the 
Surbiton plant, will provide for utilising all of the key elements of the multi-stage 
treatment system; including a preliminary header/sedimentation tank, gravel prefilters 
(3 stage), slow sand filters and a terminal disinfection stage. In addition, provision will 
be made for incorporating a "micro-pollutant filter" as required. The plant layout takes 
into account experience gained from ODA research projects carried out in recent years 
(R4373, R4648A and R4628). The slow sand filters will be enhanced with multi-layers 
of synthetic fabrics and will also be of reduced depth.
Microbiological treatment efficiency will be determined for all stages of the multi-stage 
system by evaluating the removal rates of faecal coliform, bacteriophage, attenuated 
polio vims and a range of pathogens. Considerable laboratory work will support the 
testing operations.
The performance of a number of fabric only filters will be evaluated in both physical 
and microbiological terms to evaluate their potential as a foolproof water treatment 
technology. (Developing knowledge gained from R4648A).
Provision will be made for including a micro-pollutant removal (pesticides etc.) stage in 
the multi-stage system; the optimum position for this stage within this system will be 
determined as well as the micro-pollutant removal efficiencies of a number of filter 
materials (activated carbon, charcoal etc.). The performance of the multi-stage system 
when subjected to sharp variations of prolonged high levels of influent turbidity will be 
evaluated by incorporating a means of artificially creating the required conditions.
Various methods of providing terminal disinfection will be evaluated within the context 
of the multi-stage system. (Developing knowledge gained from R4629).
The effects of maintenance procedures on the performance of the multi-stage system 
will be evaluated for a range of physical, chemical and microbiological parameters, 
with a view to optimising the procedures and detailing them in an operations 
publication."
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Section 3
Background
3.1. Multi-stage Filtration
The combination of gravel prefilters and slow sand filters in an integrated water treatment 
system {multi-stage filtration system) is perceived as offering reliable water treatment for 
developing world applications. Gravel prefilters are simple and robust and, when used in 
conjunction with slow sand filters, provide a water treatment system that complies with the 
multiple barrier concept of pathogen removal (Lloyd et al., 1986).
Diagnostic surveillance of rural water treatment systems in Peru, over a period of 25 years, 
showed that many slow sand filters were failing to provide a safe water supply. In some cases 
the plant designs were inadequate to treat the grossly contaminated raw water. It was found 
that these problems could be partially overcome by introducing gravel pre-filtration before the 
slow sand filters. It is recognised that gravel prefilters improve both physical and 
microbiological water quality (ODA, 1986; Pardon, 1989; Smet & Visscher, 1989; Galvis et 
a l, 1992; Wegelin & Schertenleib, 1993) and can protect downstream slow sand filters by 
attenuating peak suspended solids and microbial loadings.
Administrative, operational and maintenance shortcomings were also implicated as causes of 
unsafe water treatment operations (Lloyd et al, 1988). It is recognised that the operational 
support required for these multi-stage systems will need to be simple and straightforward if 
they are to obtain widespread acceptance for small community applications in the developing 
world (Clarke et a l, 1996a).
3.2. Slow Sand Filtration
Slow sand filtration is considered to be a simple, inexpensive and reliable means of improving 
the physical, microbial and chemical composition of water (Van Dijk & Oomen, 1978; Collins 
et a l, 1991). Interestingly enough, in 1804 John Gibb employed both a gravel prefilter and 
slow sand filter to improve water quality in his bleachery at Paisley in Scotland (Baker, 1949). 
This was one of the first recorded uses of slow sand filters in the UK. In 1829, James Simpson 
constructed slow sand filters for the Chelsea Water Company in London and towards the end
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of the 19^ Century widespread application of slow sand filtration occurred in Europe. A slow 
sand filter provides a very effective barrier to penetration by pathogens and can significantly 
reduce disease transmitted through drinking water (Rachwal et a l,  1996). At the turn of the 
century the Chelsea and Lambeth Water Companies combined to develop the slow sand filter 
works at Seething Wells, Surbiton, to make use of the more amenable raw water to be found 
upstream of London.
The Surbiton Works has recently closed but Thames Water continues to use slow sand filters 
to provide water to the majority of the population of London from the large Ashford Common 
and Hampton Water Treatment Works. Slow sand filtration offers a number of advantages for 
developing countries, in that chemicals are not required to achieve high levels of treatment, 
although the process is sensitive to influent water turbidities greater than 10 NTU (Van Dijk & 
Oomen, 1978).
Slow sand filters typically comprise a bed of sand of 0.5 to 2m depth overlaying a filter 
support bed of shingle (say 0.3m depth) and an under-drainage system. Water, to a depth of 
between Im to 5m, is maintained above the sand bed (the supernatant) and provides the head 
necessary to drive the filtration process. Constant flow through the filter can be maintained by 
adopting upstream flow control, which involves varying the depth of supernatant. However, a 
minimum supernatant depth should be maintained at a level determined by local 
circumstances. Downstream flow control is more common, generally involving a constant 
depth of supernatant.
The filtration rates applied to slow sand filters are typically in the range 0.1 to 0.4m^m'^h'\ 
This rate representing the hydraulic load (m^h *) per unit cross sectional area of bed normal to 
the direction of flow (m )^. In developing world small community applications it is better to 
use rates between 0.1 to 0.2m^m'^h  ^to maximise the length of filter runs.
The sand used for slow sand filters generally has an effective size of 0.15 to 0.6mm and a 
uniformity coefficient of approximately 2. A biologically active layer develops in the upper 
levels of the sand bed, and is composed of a mixed microbial population, containing bacteria, 
protozoa and other organisms. These micro-organisms colonise the sand grains, coating them 
with a film of zoogloeal slime. In addition, the upper surface of the sand becomes covered by a 
filter skin or schmutzdecke. The schmutzdecke is largely organic in character and, in unshaded 
filters, colonial and filamentous algae may contribute to the development of a denser layer 
which contributes to straining.
Maximum biofilm growth, fine particle capture and, in time, the development of head loss is 
usually concentrated in the top 20 to 30mm of sand. This most active surface layer is 
considered to contribute to sub-micron particle capture as a result of filtration effects and 
biofilm processes (Rachwal et a l, 1996). Studies of the top 1cm surface layer have shown 
0.1kg organic carbon, 10^  ^bacteria and 10^  protozoa per square metre of slow sand filter area 
(Duncan, 1988).
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After a few weeks or months in operation, the head loss through the filter rises to a level at 
which the required filtration rate cannot be maintained, within the constraint of the maximum 
supernatant depth. The filter is then drained and the top 30 to 40mm skimmed from the surface 
of the sand bed, an operation that includes the removal of the schmutzdecke and filamentous 
"filter mat". The bed is then re-filled and, after a running in period of typically 3 to 7 days, put 
back into service. Traditionally, the removal of Escherichia coli has been monitored to assess 
the effectiveness of filter performance during the running in period. More recently, on-line 
particle counters and adenosine triphosphate (ATP) have been employed by Thames Water 
Utilities (Rachwal et a l,  1996).
From a new or restored bed, of say 1.2m sand depth, several filter runs and associated 
skimming operations can be completed before a minimum bed depth is reached. At this stage 
the slow sand filter should be reconstructed using clean sand and shingle. There is 
considerable uncertainty as to an acceptable figure for the minimum depth of sand (Graham et 
a l, 1996). Huisman & Wood (1974) have recommended 0.7m whilst Visscher et a l  (1987) 
suggested 0.5m. If slow sand filtration is the only treatment process and the effective grain 
size is in the higher range, then an increase to 0.6m would seem advisable.
In principle, the minimum depth required is likely to depend on prevailing operational 
conditions, such as the influent water quality, the sand grading, the filtration rate and the water 
temperature. However, pilot plant studies have suggested that bacterial removal is not very 
sensitive to filter depth (Bellamy et a l, 1985; Williams, 1987), even with the filter depth 
reduced to 0.2m. Filter skimming and sand & shingle cleaning can be carried out by hand in 
small communities, whereas mechanical systems have been developed for larger urban 
applications.
3.3. Enhanced Slow Sand Filters.
In recent years, several studies have been undertaken with the objective of improving the 
operational performance of slow sand filters by the application of a layer of non-woven 
synthetic fabrics on top of the sand filter (Clarke, 1988; Mbwette, 1989; Graham & Mbwette, 
1991). The rationale of applying a layer of non-woven fabrics on the top of the sand filter is to 
concentrate a large part of the treatment process within the fabrics instead of the upper levels 
of sand. The fabrics offer a considerably more efficient filtration medium than sand. This is 
because the porosity of the fabrics typically employed for slow sand filter enhancement is in 
the range 0.8 to 0.9, whereas the porosity of filter sand is generally 0.5 to 0.6. However, the 
specific surface area of both fabric fibres and sand are very similar (12000 to 13000 m^m’^ ), 
offering comparable opportunities for colonisation, whilst acknowledging that the surface 
characteristics of the sand grains and fabric fibres are different.
The benefits arising from fabric enhancement are:-
• Longer filter run times (typically x 4) due to the greater porosity reducing the rate of
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headloss development within the fabrics.
• A simpler routine filter cleaning arrangement involving only the removal and washing of 
the fabric.
• Longer periods between filter bed reconstruction, unless exceptional hardness exists in the 
raw water.
Needle felted polypropylene geotextile fabrics have been used at pilot plant scale in recent 
years and offer suitable performance characteristics as well as being robust and able to 
withstand most foreseeable operational procedures. Since there is no need to skim and remove 
sand layers only a minimum depth of sand is required.
3.4. Gravel Prefilters
It has been proposed that gravel prefilters are suitable for improving physical and 
microbiological water quality (ODA, 1986; Pardon, 1989; Smet & Visscher, 1989; Galvis et 
a l, 1992; Wegelin and Schertenleib, 1993) and offer a robust and reliable means of pre­
treatment before slow sand filtration. It has been shown that prefilter systems that use coarse- 
to-medium-to-fine gravel size fractions provide higher treatment efficiencies than an 
equivalent number of single size media units (Smet & Visscher, 1989). Also, the performance 
of discrete gravel prefilters in series has been shown to be more efficient than a single unit 
with the same effective media sizes and depths (Pardon, 1989).
Bearing in mind that slow sand filters are sensitive to influent water turbidities greater than 10 
NTU (Van Dijk & Oomen, 1978), gravel prefilters are often considered to offer a means of 
reducing the impact of high influent suspended solids loadings on downstream slow sand 
filters. Biological and chemical water quality improvements can also be achieved in gravel 
prefilters, however Smet & Visscher (1989) do not consider that these characteristics justify 
their inclusion as a unit process.
There are three major configurations of gravel prefilter described by flow direction:-
• Downfiow gravel prefilter (DPF)
• Horizontal gravel prefilter (HRF)
• Up-fiow gravel prefilter (UPF)
The typical filtration rate for up-flow and downfiow prefilters is between 0.3 to l.Om^m'^h'* 
and for horizontal filters between 0.3 to L5m^m’^ '* (Wegelin, 1996). It is important that the 
filtration rate be kept constant since flow surges can cause resuspension of deposited matter.
The depth of prefilters is generally in the range 1 to 1.5m with practical limitations due to
structural constraints, although there are no significant limitations on the length of horizontal 
flow prefilters. Typically horizontal flow prefilters involve using substantially more media in 
their construction with a consequential impact on the amount of work involved when beds are 
reconstructed.
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Prefilter cleaning is accomplished by rapid emptying of the units and effective draindown 
velocities of 60 to 90m/h are generally considered appropriate (Wegelin, 1996). This 
represents the substantial emptying of a 1.5m depth prefilter in 1 to 1.5 minutes. However, the 
design of the under-drainage system and the patterns of deposition in the prefilter have an 
important influence on cleaning performance.
There is a degree of uncertainty in optimising prefilter selection. Fox (1990) suggests that 
small downfiow filters in series, or small up-flow filters in layers or series are the most 
appropriate for small village or semi-permanent situations, where the raw water turbidity is in 
the range 5 to 150 NTU. They are also suitable for larger permanent works where a very 
economical design is required and where the skills of the water works operatives and 
management are sufficient.
Fox (1990) also suggested that horizontal flow prefilters are most appropriate for larger 
permanent water treatment works, where the raw water turbidity is higher than 150 NTU, or 
turbid for a long period of time. The secondary deposition of aggregated deposits in prefilters 
can, in the long term, have a very significant influence on prefilter performance. The factors 
which affect the performance of prefilters are:-
• Raw water quality
• Filtration rate
• Media size
• Filter depth (DPF & UPF) or length (HPF)
Increasing knowledge and the optimisation of operational control could well lead to a 
fundamental reassessment of the potential applications for upflow prefilters. There is no 
practical limit on the number of upflow prefilters that can be connected in series. What would 
be of importance, in the face of extreme raw water turbidity, would be the effectiveness of 
routine cleaning.
3.4.1. Theory and Aspects of Filtration
In general terms sedimentation is the dominant transport mechanism in gravel prefilters for 
particles approximately greater than 1pm in diameter and diffusion for particles of less than 
0.5pm. The texture of the media is of minor significance. Gravity assists particles in remaining 
on the upper face of the media, streamline velocities are low and hence it is not necessary to 
strongly bind the particles to the media. However, biological development on the media, 
related to the adsorption of organic material, can contribute to fine particle removal. It is 
postulated that such biological influences could lead to the formation of deposits that may be 
difficult to remove by hydraulic cleaning, due to the adhesion effects of zoogloeal films. 
Although, there was little evidence of this effect during experimental cleaning operations. It is 
also probable that the biological development can assist the aggregation of deposited particles.
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Biologically active gravel UPFs are not readily characterised by phenomenological filtration 
theory, principally because of the uncertain nature of the relationship between particulate 
deposition and biological development in the voids. However, there are some concepts from 
filtration theory that can be relevant when considering the performance of UPFs, including the 
variation in time of the filter coefficient.
Iwasaki (1937) introduced the concept of a filter coefficient to relate the filtrate quality to the 
depth of the filter bed.
-d C
dL =  xc
Integrating:- ^
where Co = Influent particle concentration 
C = Particle concentration at depth L 
L = depth or filter length 
X = filter coefficient
Hence
It is suggested that after a lengthy period of efficient operation, the particle removal levels 
drop towards zero and the washout of solids in the effluent can lead to a negative X value.
3.5. Pesticide Removal
Although the microbiological contamination of potable water sources continues to be a major 
problem in many developing world countries, the presence of generally unquantifiable levels 
of pesticides in surface waters has come to be a matter of concern. This has led to the need for 
the evaluation of water treatment technologies with regard to pesticide removal. Conventional 
water treatment technologies, including chlorination, coagulation and filtration as well as 
advanced water treatment systems such as ozonation, activated carbon, membrane filtration, 
advanced oxidation and radiation have been investigated to determine their effectiveness in 
removing pesticides (Woudneh, 1996).
Some of these technological advances make it possible to remove pesticides, although they are 
generally inappropriate systems for the developing world, where availability of chemicals, 
cost and technical competence prohibit their successful use. A multi-stage filtration system of 
gravel prefilters and slow sand filters is potentially a low cost high performance water
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treatment system. However, there is considerable uncertainty concerning the potential of such 
a system to remove herbicides.
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Section 4 
Phase 1- Evaluation of Reduced Depth Fabric 
Protected Slow Sand Filters
4.1. Surbiton Pilot Plant
The pilot plant at Surbiton comprised two lines of downfiow gravel prefilters operating in 
series, followed by three slow sand filters operating in parallel (Figure 1 and Plate 1 ).
PUMP HOUSE
Labcratory
Storage Tank
Symbols:
HT: Header Tank 
PF: Pre-Filters 
M: Manifold 
SSF: Slow Sand Filters 
D: Disinfection Units
Figure 1 Schematic of Surbiton pilot plant
Influent water was abstracted from the River Thames and pumped to a raised header tank by 
means of two 1.5 kW electro-submersible pumps via 50mm (nominal 2in) diameter flexible
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hose. The inlets to the header tank were situated above the overflow control water level in the 
header tank to enhance oxygenation as raw water entered the tank, sedimentation of coarse 
particulates occurred in the header tank. Initially, an old model Potapak unit was used as a 
header tank but was replaced by the later 250 model during the research programme (Potapak 
Ltd., Newbury, UK). The surface of the water in the header tank was held at a constant level 
by maintaining a permanent overflow from the header tank. This facilitated the adjustment of 
flows through the prefilters by valves on the pipework connecting to the coarse (40mm media) 
prefilters. A lid covered the top of the header tank.
Plate 1 Surbiton pilot plant
The prefilter units were fabricated from Potapak 250 tanks, which had been modified for use 
as gravel prefilters (Figure 2). The Potopak 250 tanks were 1.3m deep and tapered in steps, to 
facilitate stacking in transit, with upper and lower diameters of 1.37 and 1.19m respectively. 
The prefilters consisted of a 1.2 metre deep gravel layer and contained underdrains in the form 
of two perforated 38mm diameter (nom.l.5in.) ABS plastic pipes, interconnected in the shape 
of a cross. The prefilters were filled with gravel of nominal sizes 40 mm, 20 mm and 10 mm 
respectively, and constant depths of supernatant were maintained at 25 mm by means of 
overflows.
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Water
Inlet
Supernatant
Gravel of
varying
diameter
Overflow
Outlet to next 
stage o f filtration 
sequence.
Figure 2 Downfiow gravel prefilter design
Thames Valley gravels were used for the DPF media, their nominal gradings are shown in 
Table 1.
Table 1 Gravel gradings for downfiow prefilters
British Standard 
Sieve Size (mm)
Percentage by mass passing BS sieves 
for Nominal Single-sized Aggregate
40mm 20mm 10mm
50 1 0 0 - -
37.5 85-100 1 0 0 -
2 0 0-25 85-100 -
14 - - 1 0 0
1 0 0-5 0-25 85-100
5 - 0-5 0-25
236 - - 0-5
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Operational loading was maintained at a rate of lm^ m'^ h'% being adjusted if required by the 
means of valves situated on the line from the header tank or subsequently at each pre filter 
outlet. The prefilters were situated on a stepped blockwork structure to support gravity flow 
(Plate 2).
Plate 2 Surbiton downfiow prefilters
Having passed through the three préfiltration stages, the water from the two lines of filters was 
collected in a manifold tank, before being distributed in parallel to three fabric-enhanced slow 
sand filters (FESSFs A, B and C -  Plate 3). The slow sand filter units measured 1.8 x 1.2 x 
1.6m, and were enhanced with six layers of Fibretex non-woven fabric. FESSFC was 
effectively the control filter, having a sand depth of 500mm, EESSEA was operated with a 
reduced depth of 200mm and FESSEE with a sand depth of 300mm. The slow sand filters 
were maintained at a loading of 0.15m^m'"h *. A 38mm diameter (nominal 1.5in.) perforated 
ABS plastic pipe underdrain system located in a 6 mm nominal size shingle filter support bed 
collected the filtrate flows. Sand and shingle for the FESSFs were obtained from Thames 
Water's Ashford Common Works, the filter sand characteristics are detailed in Table 2.
Table 2 Sand gradings for slow sand filters 
dio = 0.3mm
d^ o = 0 .6 mm
Uniformity Coefficient = 2
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manometers ► overflow
wire meshSUPERNATANT
SAND
GRAVEL
flow  m eter
support bracket 
fabric layers
underdrainage
Figure 3 Fabric enhanced slow sand filter design
Plate 3 Surbiton fabric enhanced slow sand filters
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Plate 4 Close up of fabric surface
In order for slow sand filter resistance to be monitored, manometers were located in the 
supernatant and fabric/sand layer as detailed in Table 3.
Table 3 Manometer spacing in fabric enhanced slow sand filters
Manometer Depth below top 
of sand (mm) Comments
R - Reference datum manometer - in supernatant
1 0 Top of sand but below fabric layers
2 25
3 50
4 1 0 0
5 300 In shingle filter support of FESSF A
6 500 In shingle filter support of FESSF A and FESSF B
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The characteristics of the fabric utilised are detailed in Table 4
Table 4 Characteristics of fabric used in slow sand filters 
Fabric thickness 3.2mm (Measured) (Total depth 6  layers -1 9 .2  mm)
Fabric type Polypropylene needle felted geotextile
Mean Fibre diameter 31.3|xm
Calculated porosity 90%
Specific surface area 13163 mVw?
4.2. Conduct of Experiments
The plant was operated from December 1990 to June 1993, with the slow sand filters initially 
being commissioned in May 1991. During this period, a total of eight slow sand filter test runs 
took place. Plant operating conditions remained the same during this period, whilst raw water 
quality varied considerably (Appendix A and Appendix B). This meant that plant performance 
could be assessed over a range of loading conditions.
Filter mns were terminated when headloss through the slow sand filters rose to maximum 
operable levels of approximately 350mm. In general, for each of the slow sand filter runs, 
headloss development in the slow sand filters was confined to the fabric layers and did not 
occur within the underlying sand. Following each filter run, the fabrics were removed from the 
slow sand filters, carefully cleaned and refitted in the same order. Influent silt and other 
particles were retained within the top fabric with very little penetration of the lower layers or 
to the sand. Gravel prefilters were hydraulically cleaned when deemed necessary, at time 
intervals determined more by the pattern of slow sand filter runs than on an objective basis.
The principal objective of the experimental work was to evaluate the performance of reduced 
depth slow sand filters, with the prefilters providing a more stable influent for the slow sand 
filters. However, the opportunity existed to evaluate the long-term performance o f unit 
processes in the multi-stage system and, accordingly, influent and filtrate water qualities for  
the three prefilters were monitored. On completion of Run 8 , the prefilters were carefully 
emptied of media to visually assess the patterns of deep deposition and the condition of the 
underdrainage system.
During each run period, raw water from the header tank feed, partially treated water from each 
prefilter stage and treated water from the slow sand filters were analysed for turbidity, 
thermotolerant coliforms and temperature. Turbidity was measured using a Hach Model 
2100A turbidimeter, this method giving readings in NTU (Nephelometric Turbidity Units). 
The microbiological performance was evaluated by routinely monitoring thermotolerant 
(presumed faecal) coliform utilising a Delagua Test Kit (University of Surrey) to carry out the
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Standard (ISO) membrane filtration method (Appendix C). Filter head loss values were 
recorded as the difference between the level of water in the reference manometer and the 
levels in the remaining manometers.
%
Plate 5 The simplicity of slow sand filter fabric cleaning 
(late .Mr. Harry Wright)
In addition to routine monitoring of the pilot plant, the ability of the mature slow sand filters to
remove pathogenic enterovirus was modelled using bacteriophage (lAWPRC Study Group,
1991 ) and attenuated poliovirus. Several tests were carried out:-
• The phage was either dosed into the supernatant of the first gravel prefilter or added 
directly into the supernatant of each slow sand filter. Constant dosing of the phage stock 
suspension maintained a uniform phage concentration during the test period. The 
bacteriophage of Serratia marcescens was selected for these tests (Appendix D).
• Attenuated poliovirus Type 1 was used as a model virus in this study, since it is a typical 
enteric virus, as well as being one of the smallest of its type. The virus was dosed at high 
concentrations directly into the supernatant of each slow sand filter. Influent and filtrate 
samples were analysed in the Spencer House Laboratories of Thames Water Utilities Ltd., 
Reading (Appendix E).
• In collaboration with Thames Water, Cryptosporidium parvum oocysts together with 
bacteriophage were dosed into a specially prepared slow sand filter (with no fabric 
protection) and FESSFA. The treated waters were subsequently monitored for oocyst and 
bacteriophage penetration.
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4.3. Results: Prefilters and Fabric Enhanced Slow Sand Filters
The three downfiow gravel prefilters (DGF’s) configured in series provided a robust and 
reliable means of substantially reducing microbiological and physical contamination of the 
raw water to levels which supported the successful use of slow sand filters. Influent water to 
the slow sand filters was generally low in turbidity (< 10 NTU) and faecal coliform levels 
(<150 cfu/lOOml). In the case of Run 4, raw water turbidity and faecal coliform peaks were 
recorded as 93.8NTU and 2015cfu/100ml respectively.
It was possible to successfully operate the pre filters over comparatively long time periods; 
pre filter runs were generally terminated for reasons associated with experimental programmes 
and not filter blockages. Examples of the effectiveness of the combined prefilter/slow sand 
filter system for removing faecal coliform are provided in Figure 4.
10000
o  1000
Run N um ber
Figure 4 Faecal coliform results for all stages of treatment monitored over Runs 1 to 8
On completion of Run 8  the downfiow pre filters were carefully emptied to evaluate deposition 
patterns. Gross silt deposition was noted around the perforated pipes of the underdrain 
system, individual pipes effectively sitting in valleys within a dense media/silt layer. It 
appeared that aggregated particles were being re-deposited into the deeper levels of the 
prefilters and it was probable that some would have been carried through in the filtrate.
The run times for the slow sand filters were typically about 30 days (Appendix A and 
Appendix B). Bearing in mind the raw water turbidity levels prevailing in the River Thames 
and the protection afforded by the prefilters, the mean influent turbidity to the slow sand filters 
was below lONTU for all but Run 4. Although slow sand filter influent faecal coliform 
numbers varied appreciably throughout the research programme, raw water levels were 
significantly attenuated by the prefilters.
The relative performance of each slow sand filter was assessed. The levels of filtrate turbidity
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(Run 2) and faecal coliforms (Run 5) for the three slow sand filters (FESSF A, FESSF B & 
FESSF C) are shown in Figure 5 and Figure 6 .
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Figure 5 Surbiton Pilot Plant - Slow Sand Filter Turbidity Levels for all stages of
treatment - Run 2
10000
1000
"o
E
o
ou
(0u<u
£
9 11 13 15 16 20 26 30 345 7
Day Num ber
Raw 
PF1 
PF2 
PF3 
SSF A 
SSF B 
SSFC
Figure 6  Surbiton Pilot Plant - Slow Sand Filter Faecal Coliform Levels for all stages
of treatment - Run 5
The results relating to the removal of Serratia marcescens bacteriophage and poliovirus by the 
slow sand filters were based on samples taken over a four hour period following the 
commencement of dosing into the supernatant. Bacteriophage and poliovirus reductions for 
the slow sand filters are summarised in Table 5.
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Table 5 Bacteriophage and poliovirus capture within the fabric enhanced slow sand filters
Filter Depth(mm)
Bacteriophage 
% Reduction
Poliovirus 
% Reduction
FESSFA 200 98.77 99.93
FESSFB 300 99.88 99.99
FESSFC 500 99.97 >99.99
The bacteriophage penetrated FESSFA (200mm depth filter) after 90 minutes and took 120 
and 130 minutes to penetrate FESSFB and FESSFC (300 and 500mm depth filters) 
respectively. The poliovirus penetrated the 200mm deep filter in 40 minutes and took 120 
minutes to penetrate the 300mm depth filter; the poliovirus did not penetrate the 500mm deep 
bed during the 4 hour sampling period.
Reduced depth filter FESSFA was loaded at a filtration rate of 0.15m^m"^h"  ^ and challenged 
with a spiked influent concentration of 2800 Cryptosporidium parvum oocysts per litre. The 
oocysts were completely removed by the filter. In a parallel Thames Water experiment, using 
a sand only filter of 500mm depth and a filtration rate of 0.3 to 0.4 m^m'^h" ,^ a spiked influent 
concentration of 4000 oocycsts per litre were completely removed within the top 25mm in a 6  
hour test (Timms et a l, 1995).
4.4. Discussion of Phase 1 Research
There were appreciable variations in the levels of treatment performance sustained, in part due 
to variations in influent quality, there was a consistent trend of decreasing treatment 
performance in the order FESSF C, FESSF B, FESSF A. This evidence suggests that the depth 
of the sand bed beneath the fabric layers influences the effectiveness of the filter in removing 
fine particulates and microorganisms. However, the extent of the reduction, though noticeable, 
is not substantial and in the light of individual circumstances may not be important enough to 
preclude the use of reduced depth slow sand filters.
It was difficult to compare the treatment performances of FESSF A and FESSF B with the 
reference filter FESSF C, since deterioration in filtrate qualities relative to the reference filter 
varied for individual filter runs and for each test parameter. Other studies (Bellamy et a i,  
1985; Wheeler et a l, 1988; Williams, 1987) have shown treatment to be dependent on sand 
depth for coliform and virus removal, but have indicated that relatively little further 
microorganism removal was obtained with increasing sand depths from 20 to 50cm. It should 
be borne in mind that filter efficiency is likely to be dependent on the prevailing operating 
conditions; these could include filtration rate, sand size, influent quality (physical.
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microbiological & chemical), temperature and the degree of maturation of the filter.
Although the performance of FESSF A, the filter with a 200 mm deep sand bed, was not as 
good as the standard of treatment achieved by the other two filters, it could be described as 
acceptable in relation to performance objectives (Table 6 ). The WHO suggest average 
loadings for terminal disinfection of turbidity less than INTU and faecal coliforms less than 
3cfu/100ml. Turbidity results indicate that for five out of the first seven slow sand filter runs, 
the filtrate quality of FESSF A had a mean turbidity less than INTU and that the mean 
turbidities of the other two runs were slightly higher at 1.5 and 2.INTU. The faecal coliform 
results indicate that 4 out of 8  runs had a mean filtrate count less than 3cfu/100ml and that the 
remaining mean counts were less than or equal to 1 Icfu/lOOml. The overall average of the run 
means was 4.6cfu/100ml, only marginally greater than the WHO guideline value.
Table 6  An example of the performance of objectives for removal of turbidity and 
thermotolerant coliform bacteria in small-scale water treatment (adapted from WHO, 1993)
Stage Turbidity Thermotolerant coliform bacteria
and
Process
Removal^
(%)
Average Maximum 
loading loading 
(NTU)^ (NTU)^
Removal^
Average 
loading 
(per 1 0 0 ml)
Maximum 
loading 
(per 1 0 0 ml)
Screening NA^ NA NA NA NA NA
Plain Sedimentation 50 60 600 50 1 0 0 0 1 0 0 0 0
Gravel prefilters 
(3 stage)
80 30 300 90 500 5000
Slow sand filter >90 6 60 95 50 500
Disinfection NA < 1 <5 >99.9 <3 25
Distributed water NA < 1 <5 NA < 1 < 1
The WHO have recommended configurations of unit treatment processes corresponding to 
different water sources (Table 7), all surface sources are viewed as a potential source for 
multi-stage filtration. For slow sand filtration the required degree of virus reduction is greater 
than 90%. The results of the tests in which the slow sand filters were challenged with the 
bacteriophage of Serratia marcescens and attenuated poliovirus have shown that FESSF A is 
less effective at virus removal than both FESSF B and FESSF C. However, the filter achieved 
a degree of removal greater than the WHO requirement, greater than 94% for Serratia and 
99.9% for poliovirus. These results agree with Wheeler et a l (1988) who challenged fabric 
enhanced slow sand filters (slow sand filters of 2 0 0 mm bed depth at a filtration rate of 0.28 
m^m’\ ’*) with five bacteriophage types and found the removal of all phage to be greater than 
93%.
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Table 7 Configuration of unit treatment processes (adapted from WHO, 1993)
Type of source Recommended treatment
Ground water
Protected, deep wells; essentially free of 
faecal contamination
Unprotected, shallow wells; faecally con­
taminated
Surface water
Protected, impounded upland water; essen­
tially free of faecal contamination
Unprotected, impounded upland water; fae­
cal contamination
Unprotected, lowland rivers; faecal contam­
ination
Unprotected, watershed; heavy faecal con­
tamination
Unprotected, watershed; gross faecal con­
tamination
Disinfection
Filtration and disinfection
Disinfection
Filtration and disinfection
Pre-disinfection or storage, filtration 
and disinfection
Pre-disinfection or storage, filtration 
additional treatment and disinfection
Not recommended for drinking- 
water supply
The combined multi-stage prefilter/slow sand filter system showed a progressive reduction of 
turbidity and faecal coliform throughout the prefilters (Figure 7 and Figure 8 ) with typical 
combined percentage reductions of turbidity by 60 to 75% and faecal coliform levels by over 
90%. Features of the general performance of the prefilters were their ability to progressively 
attenuate sharp turbidity/suspended solids peaks. Prefilter attenuation of short (less than 2 
days) peak turbidity levels experienced in the raw water (greater than 400NTU) protected the 
slow sand filters from consequential blocking as a result of the gross surface straining of 
particles.
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Figure 7 Mean slow sand filter turbidity levels
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Figure 8  Mean slow sand filter faecal coliform levels
The treatment performance achieved by the pilot plant was consistently good, bearing in mind 
that it was achieved by a simple multi-stage granular filtration system. However, the final 
emptying of the filter had pointed to the need to carefully redesign the underdrainage system 
to avoid local blocking of the voids during long downfiow prefilter runs.
45
DFID Final Project Report
Section 5 
Phase 2- Development and Integration of Small 
Scale Multi-stage Treatment for Drinking 
Water
5.1. Shalford Pilot Plant
«  m
Plate 6  Shalford pilot plant
The Pilot Plant for Project R5505 was located at Shalford Water Treatment Works (Thames 
Water Utilities Ltd.). The plant was designed with the benefit of knowledge gained from the 
Phase 1 Research (R4648A). In detail the Shalford pilot plant comprised two rows of triple 
stage upflow gravel prefilters (UPFs) linked in series, connecting to three parallel fabric 
enhanced slow sand filters (FESSFs). The prefilter design incorporated raised floor units. The 
general arrangement is shown in Plate 6  and Figure 9.
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Figure 9 Schematic of Shalford pilot plant
The major aims of this research were to evaluate the physical, microbiological and chemical 
performance of the multi-stage treatment system, to optimise treatment efficiency and to 
establish simple maintenance procedures. The chemical performance element was to establish 
the effectiveness of the multi-stage system in removing herbicide from the influent water.
The River Tillingboume provides raw water for the Shalford Water Treatment Works and is
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very different in character to the River Thames, providing sharp peaks of high turbidity (~ 400 
NTU) following even moderate rainfall in the catchment. It was proposed to investigate the 
long-term performance of the multi-stage system when faced with severe variations in influent 
water quality.
Raw water was obtained from a connection to the main work’s 600mm diameter rising main, at 
a section between intake and the main unit processes. Twin 1 lOv submersible pumps lifted the 
influent flow to the header/settlement tank. Circular Potapak 250 Tanks of 1.3m depth and 
1.26m mean diameter were used to construct individual prefilters and slow sand filters with 
38mm (1.5in nominal) diameter interconnecting plastic pipework and fittings.
The triple stage prefilter configuration was considered to offer an advantage over a single 
stage for the same total depth of aggregate (Pardon, 1989; Galvis et a i, 1992). The three 
UPFs had raised floors (Figure 10) which provided an underspace cavity of 0.3m depth and 
supported a 0.5m depth of 40mm, 20mm and 10mm nominal single sized aggregate, 
respectively (BS 882, 1983). Media types were selected to provide a range of typical sizes 
adopted for prefiltration (Pardon, 1989; Galvis et a i, 1992; Wegelin et al., 1991) whilst 
acknowledging that the downstream slow sand filters were fabric enhanced and, therefore, less 
prone to blocking by particulate straining.
Effluent
tsmss
0,5 m depth media
Perforated PVC Sheet RIter H oor
Central Support Column - 
Gravel R iled Pipe Section
Influent -flow  reversed for Prefilter
cleaning by Rapid Draindown
Figure 10 Section of upflow prefilter in Potopak tank
The 40mm nominal size adopted for the research application represented a coarse category of 
media. Early trials of downfiow prefilters (Phase 1) at Surbiton had pointed to operational 
limitations in the perforated pipe/shingle support underdrain systems of the prefilters. 
Excessive solids deposition occurred, packing voids in all but a narrow sectional area of a few 
millimetres around the pipe (Chapter 4.3.). Consequently, simple raised floors were adopted
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for Phase 2. Raised slotted floors were fabricated in PVC sheet segments which were 
supported on the lowest circumferential ledge of the tank unit and a central column formed by 
a short length of pipe (Plate 8 ), Design details of the underdrain are given in Appendix F. 
Thames Valley gravels were used for the prefilter media, their nominal gradings were the 
same as those used for the Phase 1 Research (page 34).
Plate 7 Samples of gravel used in Shalford upflow prefilters (left to right: 40mm nominal, 
20mm nominal, 10mm nominal - note: pen 140mm long)
The average loading rate on the prefilters was set at O.bm^m^h \  This was checked 
periodically and the valve situated at the point of entry into UPF 1 adjusted to restore 
throughput to this level when necessary.
One row of prefilters was dedicated to long term tests, whilst shorter duration experiments 
were conducted in the second row of prefilters. Flow through the upflow gravel prefilters 
(UPFs) commenced in July 1993 and continued throughout the duration of the research 
programme, interrupted only by stoppages of up to two hours for cleaning and refilling. Other 
breaks in supply from the main waterworks were not significant, owing to the buffering effect 
provided by the header tank and influent water pumping tank. It should be borne in mind that 
a breakdown in influent supply does not cause upflow prefilters to empty but simply remain 
full of stationary water. This is a significant operational feature, in that the physical 
characteristics of deposited material within the prefilter and associated biological features are 
not compromised in the short term. Operational characteristics were researched by completing 
a programme of cleaning investigations.
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Plate 8  Prefilter underdrains incorporating raised, slotted floors
Plate 9 Fabric enhanced slow sand filter underdrain configuration. Pipe is perforated to 
collect filtered water. Note: placement of manometer tappings through side of tank.
Parallel fabric enhanced slow sand filters (FESSFs) were employed as the final filtration 
process. The filters had a perforated pipe underdrain located in a 6 mm nominal size shingle 
filter-support bed. Sand and shingle for the filters was obtained from TWUL’s Ashford
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Common Works, the filter sand having the same characteristics as for Phase 1 (page 35)
Needle felted polypropylene geotextile fabrics were used on the FESSFs and were selected to 
offer suitable performance characteristics (Clarke, 1988; Graham & Mbwette 1990; Mbwette, 
1989), as well as being robust and able to withstand most foreseeable operational procedures. 
Fabric layers were fixed in position using plastic circumferential collars which bolted to the 
tank wall. Steel reinforcement mesh was used to provide an even pattern of restraint across the 
fabrics. The configuration and characteristics of the fabric used for filter enhancement were 
the same as for Phase 1 (page 38).
Plate 10 Replacement of cleaned geotextile fabrics onto supporting ring. Note: sixth (final)
layer waiting to be added.
In order to monitor the headloss (or filter resistance) of the slow sand filters, seven manometer 
tubes were positioned in the side of the tanks (Plate 1 2 ). A reference manometer was located 
in the supernatant, above the filter fabric, and a second located immediately beneath the fabric 
on top of the sand bed. The other five manometers were placed at depths of 25, 50, 100, 200 
and 300mm in the filter sand bed. Positioning of fine mesh across the mouth of the tubes 
provided protection against the intrusion of filter sand into the throats of the manometers. The 
tappings were staggered so that their readings would not be affected by the intrusion of 
adjoining manometers. Externally, the manometer tappings were connected to clear silicone 
tubing of 10mm diameter and held in place on a shaded board (cover not shown in Plate 12).
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Plate 11 Fabric fastening system composing plastic circumferential collars bolted to tank 
wall. Steel reinforcement mesh used to restrain fabrics.
The height of the inlet 
pipework was adjustable to 
enable the flow of water into 
each slow sand filter to be 
controlled. All slow sand 
filters were operated with 
supernatant depths controlled 
by overflows to ensure that a 
constant head of water 
(500mm) was maintained 
above each filter. The flow 
through the FESSFs was 
maintained at 0.15m.h"  ^ by
adjusting a valve situated at the 
outlet tap.
Plate 12 Fabric enhanced slow sand filter 
manometer tappings.
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5.2. Conduct of Experiments
In accordance with the provisions of the research programme, samples of raw water from the 
header tank, partially treated water from each prefilter stage and treated water from the fabric 
enhanced slow sand filters were analysed for turbidity, suspended solids and particle size. The 
microbiological performance was evaluated by routinely monitoring thermotolerant 
(presumed faecal) coliforms and total coliforms utilising the standard (ISO) membrane 
filtration method (Appendix C).
Weather conditions, including ambient temperature as well as the temperature of the raw water 
were routinely monitored. Filter head loss values were recorded as the difference between the 
level of water in the reference manometer and the levels in the remaining manometers.
The ability of the upflow prefilters and slow sand filters to remove pathogenic enterovirus was 
assessed by dosing a suspension of bacteriophage (lAWPRC, 1991; Wheeler, 1989). The 
bacteriophage, Serratia marcescens (Appendix D), which was used in Phase 1 was also 
selected for these tests. The phage was not present in detectable levels in the raw water. It 
was determined that phage concentrations of 10^  to lO^pfu ml"l were typically reduced by an 
order of magnitude across the UPFs. Several tests were carried out either by dosing the phage 
into the supernatant of the first gravel prefilter or by adding the phage directly into the 
supernatant of each slow sand filter. Constant dosing of the phage stock suspension 
maintained a uniform phage concentration during the test.
Physical monitoring of the upflow gravel prefilters was performed routinely. As for Phase 1, 
turbidity was measured using a Hach Model 2100A turbidimeter. Suspended solids testing 
was carried out extensively to assess, in more detail, the physical treatment performance of the 
multi-stage system (Appendix G).
In June 1994, initial turbidity and suspended solids assessments had been completed, and 
physical sampling and testing was extended to include particle size measurement. A Coulter 
Multisizer® II particle counter was used to measure particle size distributions (Appendix H). 
In the Coulter Multisizer®, water samples were passed through a range of aperture tubes (15, 
30, 100 and 280|im), particle sizes and number were calculated as they passed between 
electrodes alongside the aperture tube.
The range of particle sizes that could be measured was theoretically between 0.3 to 170pm. 
However, the water quality of the routine samples was such that blocking of the 15pm 
aperture tube, even after filtering of samples, precluded its use in all but a few tests and led to 
the general adoption of a lower detection limit of approximately 0.7pm. The number of 
particles above the upper measurement limit of the 1 0 0 pm aperture tube was very small. 
Conversely, washwater from the prefilter cleaning tests carried such high particulate loadings 
that it was only feasible to use the 1 0 0 pm aperture tube, giving a lower detection limit of 2 pm.
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To enable the upflow prefilters to be challenged with "turbidity shock loads" provision was 
made to dose a suspension of fine particles and water into the influent feed. A dosing point 
was fabricated by splicing a T connection and long length of vertical pipe into the inlet hose of 
the first prefilter (UPF 1). This was situated at such a point that turbulent mixing of dosing 
material would occur before the water entered the prefilter. A second T connection and 
vertical pipe were fitted immediately before the point of entry to UPF 1. Samples of water 
prior to filtration could then be taken by siphoning influent from this point. Turbidity was 
increased by pumping a kaolin suspension into the raw water supply via the dosing T, and 
using a peristaltic pump (Watson & Marlow 505DU/RL). The kaolin was kept in suspension 
in a dosing reservoir tank with the use of a mechanical stirrer.
For the purpose of evaluating the removal of herbicides in the multi-stage system, four 
different herbicides from three different classes were selected; namely, atrazine (2 -chloro- 
4ethylamino-6-isopropylamino-l,3,5-triazine), 2,4-D (2,4-dichlorophenoxyacetic acid), 
MCPA (2, Methyl 4-Chlorophenoxyacetic Acid) and Paraquat (1,1 '-dimethyl-4,4- 
bipyradinium dichloride).
Stock solutions of herbicides were prepared (Appendix I), the concentration required for 
dosing into the influent of UFPs and FESSFs was calculated using a simple mass balance 
equation (Equation 1) and prepared in a separate container by diluting stock solution. The 
prepared solution was then pumped continuously by means of a digitally control peristaltic 
pump, at a predetermined rate, to produce the desired influent concentration.
Equation 1 Mass balance equation C3 R3  = + € 2 / ^ 2
Where C; = Concentration of the herbicide in the raw water
R] = Influent water flow rate.
R2  = Dosing rate of peristaltic pump.
C2  = Dosing concentration.
R3  = Total throughput (Rj + R2 )
Dosing was carried out for a period of at least 24 hours before sampling to allow the system to 
stabilise. Blank water samples were taken from the raw water upstream of the dosing point and 
at influent and effluent points for all prefilters and filters involved in the tests. To investigate 
the removal of herbicides at different depths within the enhanced slow sand filters, manometer 
tappings placed in the sand bed of FESSF A (bed depth 300mm) at depths below the fabric/ 
sand interface of 40, 60, 90,140, 240 and 300mm were used as sampling points. In addition, a 
single reference manometer tapping, at a height of 50mm above the filter surface, provided a 
means for sampling supernatant water entering the bed. The removal of each herbicide was 
studied separately. It was appreciated that gravel prefilters have a marked degree of 
microbiological activity, raising the possibility of biodégradation of the herbicide. In addition, 
in ripe filters there are significant particulate deposits with the associated possibility of 
adsorption.
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5.3. Results: Upflow Gravel Prefilters (UPFs)
A primary aim of the research programme was to assess the long-term physical and 
microbiological performance of the prefilters, together with associated operational features 
and support requirements. Samples were taken for analysis from the raw water inlet and from 
the supernatant of each of the upflow prefilters, care was taken during sampling to avoid 
disturbing any visible particulate matter that had settled on the gravel media.
5.3.1. Microbiological Performance of UPFs
The microbiological performance of the UPFs was evaluated by routinely monitoring 
thermotolerant coliform. The UPFs typically achieved faecal coliform removal of over 80% 
and exhibited the ability to attenuate short peaks to the advantage of the downstream slow 
sand filters. Mean faecal coliform removal results for the entire period of the long term 
performance tests are given in Appendix J. A summary of overall performance is given in 
Table 8 .
Table 8  Mean faecal coliform levels in upflow prefilters and percentage reductions (August
1993 to November 1995)
Raw UPF 1 UPF 2 UPF 3
Mean faecal coliform (cfu/100ml) 1075 498 291 190
Mean% faecal coliform reduction NA 53.7 41.5 34.9
Overall% faecal coliform reduc­
tion through all three UPFs
82.3
The percentage reduction in faecal coliform levels decreased as the water passed down the 
series of prefilters. This apparent law of diminishing returns’, where it becomes increasingly 
difficult to remove the smaller concentrations of faecal coliforms remaining in the water after 
each successive treatment stage, characterises most water treatment unit processes upstream of 
disinfection. Nevertheless, the performance of UPF 1 throughout the lengthy test period 
provided confirmation that a prefilter, containing 40mm graded media, was capable of making 
a significant contribution to biological treatment. Short-term tests conducted at the Surbiton 
pilot plant broadly indicated a 2 0 % reduction in microbiological performance efficiency with 
a single sized 40mm media.
Since UFPl was the upstream unit, it was able to filter out more organic material in the 
influent stream than subsequent UFPs, potentially influencing the filter efficiency. Such 
organic matter may have provided a niche in which bacteria could multiply and a food source 
for macro-invertebrates passing into the tank with the untreated water.
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Several phage dosing experiments were performed at the pilot plant. A summary of the 
information gained on the prefilters is given in Table 9. Simultaneous bacteriophage and 
kaolin dosing was undertaken to assess the sensitivity of phage removal processes to rapid 
increases in suspended solids levels within the UPFs (Figure 11).
Table 9 Bacteriophage removal in prefilters
Experiment
number First detected after (mins) Maximum titre (pfu/ml)
UPF 1 UPF 2 UPF 3 RAW UPF 1 UPF 2 UPF 3
1 20 40 60 4 .6  X 10^ 2 .6 X 10^ 8 x  10^ 3.5 xlO^
2 ‘Steady state’ experim ent 8.4 xlO^ 8.4 xlO^ 6.1 xlO^ 2.4  xlO^
3 15 15 15 2.5 X 10^ 2.5 X 10^ 1.9x10^ 2 .2x10^
4 ‘Steady state’ experim ent 24  
hour dosing pre-sampling
1.1x10^ 5 .5x10^ 4.2x10"^ 4 . 6 x l ( f
5 15 45 45
sim ultaneous kaolin dosing, 
average raw water turbidity 
87N TU
5.5x10^  3 .2x10^ 2.4  xlO^ 9x10"^
120 600000
RAW (Turbidity) 
UPF1 (Turbidity) 
UPF2 (Turbidity) 
UPF3 (Turbidity) 
RAW( Phage) 
UPF1( Phage) 
I— UPF2(Phage) 
UPF3( Phage)
500000
400000
300000 «
g
200000 g
- -  100000
Time (minutes)
Figure 11 Phage removal through prefilters when simultaneously dosed with kaolin
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The bacteriophage were found to have an extremely rapid transit time through the filter beds, 
being detectable in samples from UPF 1 in only 15 minutes. This was the first sample taken 
after commencement of dosing, and so it is possible that the transit time was quicker than this. 
The results of Bacteriophage tests are shown in Table 9, the prefilters generally reduced 
overall phage levels by approximately 90%.
5.3.2. Physical Performance of UPFs
A feature of the performance of the UPFs was their ability to progressively attenuate sharp 
turbidity and suspended solids peaks. The UPFs also exhibited load-sharing, so that when the 
performance of one filter dropped the performance of another improved to maintain similar 
overall removal efficiency across the series of prefilters. Turbidity data for the study period are 
presented in Appendix K.
Occasional high turbidity peaks of up to 400 NTU were experienced over periods of up to two 
days. These were usually due to heavy rainfall and the effect of associated surface water run­
off from agricultural land and highways within the catchment of the River Tillingboume. The 
attenuation of these high turbidities offered a degree of protection to the FESSFs from 
particulate loadings, which had the potential to block the filters. During high turbidity 
incidents, effluent from UPF 3 had a turbidity ranging from 40 to 80NTU (much higher than 
the average turbidity of 2.74 NTU). The role of the fabrics in allowing the FESSFs to tolerate 
these short periods of high supernatant turbidity (< 2  days) was a particularly important feature 
of the multi-stage treatment system. Mean turbidity removal for the overall research period is 
summarised in Table 10.
Table 10 Mean turbidity removal in upflow gravel prefilters
Raw UPF 1 UPF 2 UPF 3
Mean turbidity (NTU) 9.19 5.89 4.03 2.74
Mean% turbidity reduction NA 35.95 31.51 32.13
Overall% turbidity reduction 
through all three UPFs
70.23
A general trend of decreasing suspended solids levels can be seen after each stage of 
préfiltration, with the greatest degree of treatment occurring across UPF 1. The long-term 
turbidity results showed a progressive removal of particles throughout the prefilters, with a 
combined percentage reduction of turbidity typically between 60 to 75%. The consistent 
performance of the UPFs supported the on-going operation of the multi-stage system when 
recorded raw water turbidity was greater thanlONTU for all but 11 days within a period of 3 
months.
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Suspended solids levels were routinely recorded and are a summarised in Table 11.
Table 11 Overall mean suspended solids levels in upflow gravel prefilters.
Raw U P F l UPF 2 UPF 3
Mean suspended solids (mg/1)
Mean% suspended solids reduction
Overall% suspended solids reduction 
through all three UPFs
10.17 4 .96  3.13 2.11
N A  51.17 36.98 32.65
79.27
Mean filter coefficient (X) values relating to 568 days operation of the three UPF units (run 
days 270 to 838) were all positive with an expected downward trend in time (Figure 14, Figure 
15 and Figure 16). Instances of individual negative X values were thought to be more 
indicative of the disturbance of settled particles by sampling operations, than poor prefilter 
performance. Although deposition was noted on the upper surface of the media in UPF 1 the 
long-term performance of the unit remained satisfactory.
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Figure 12 Filter coefficient variation for UPF 1 over a period of 568 days
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Figure 13 Filter coefficient variation for UPF 2 over a period of 568 days
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Figure 14 Filter coefficient variation for UPF 3 over a period of 568 days
The UPFs progressively removed particles down to the effective diameter measurement limits. 
Typical particle size distributions obtained using 100pm and 30pm Coulter counter orifice 
tubes are given in Figure 15 and Figure 16. Percentage reductions of particles for a number of 
selected size ranges were calculated and are shown in Figure 17. Acknowledging the 
influence that any short-term variations in raw water quality could have on results, the 
intensive physical performance testing programme was carried out during a period of settled 
weather conditions with comparatively stable raw water quality. Trends indicated by the 
results appear regular in character.
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Figure 15 Particle size distribution data for routine prefilter samples (2 to 60|im
equivalent diameters)
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Figure 16 Particle size distribution data for routine prefilter samples (0.75 to 20pm
equivalent diameters)
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Figure 18 Turbidity levels of routine UPF and FESSF samples
The immediate response of the UPFs to high turbidity loadings was evaluated by dosing the 
raw water with a kaolin suspension and sampling at 10 to 15 minute intervals, this also 
provided an opportunity to gauge the prefilters response to shock loads. Particle size analysis 
of kaolin suspensions indicated that they gave size distribution profiles similar to those that 
might be expected to occur within rivers. Although turbidity levels were high, the overall
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removal efficiency increased from a general level of 60 to 75% up to 90%, confirming the 
UPF’s potential for attenuating sharp turbidity/suspended solids peaks (Figure 18). The 
removal efficiencies of UPF 1 and UPF 2 were approximately 50% with UPF 3 achieving 
60%, the performance of individual prefilters remained at a similar level for all runs.
To obtain more information about the particle removal characteristics during the build up of a 
shock load, samples were taken at 20 minute intervals during the first 125 minutes of turbidity 
dosing Test 3. Comparisons were made of the change in particle numbers for chosen size 
ranges in time. These confirmed that during the build up to a "steady state" smaller particles 
(0.75 to 2.0 jim) initially pass through the filter faster than larger particles (2|Lim to 7p.m). 
After a time, well within the mean estimated transit times of the prefilters, the system 
stabilised with the concentration of particles assuming a steady level.
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Figure 19 Particle size distribution through prefilters during kaolin dosing Test 3 
(5 to 25 minutes after dosing commenced)
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Figure 20 Particle size distribution through prefilters during kaolin dosing Test 3 
(25 to 45 minutes after dosing commenced)
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Figure 21 Particle size distribution through prefilters during kaolin dosing Test 3 
(45 to 65 minutes after dosing commenced)
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Figure 22 Particle size distribution through prefilters during kaolin dosing Test 3 
(65 to 85 minutes after dosing commenced)
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Figure 23 Particle size distribution through prefilters during kaolin dosing Test 3 
(85 to 105 minutes after dosing commenced)
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Figure 24 Particle size distribution through prefilters during kaolin dosing Test 3 
(105 to 125 minutes after dosing commenced)
It is speculated that the initial deposition of larger particles was brought about by 
sedimentation, which conditioned the system and assisted in the later capture of smaller 
particles. Also, agglomeration may have occurred within the bed with time, resulting in larger 
particles being measured within the prefilter effluent.
The removal efficiencies estimated using particle removal data suggest a minimum efficiency 
of particle removal around the 2pm size. Bearing in mind that specific particle characteristics 
of kaolin could influence the results, such as its density and particle shape. These effects are
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broadly consistent with filtration theory, which suggests that diffusion and gravity are the 
dominant transport mechanisms for particles smaller than 1pm and larger than 1pm 
respectively (O’Melia, 1985, Yao etal. 1971).
During turbidity dosing Test 4, influent turbidity was cyclically varied between 120 to 25NTU 
by adjusting the kaolin injection pump at 20 minute intervals. The attenuated disturbance was 
apparent in the effluent results for UPF 1 but could not be identified in the results for UPFs 2 
and 3, confirming a capacity to attenuate load variations. However, removal efficiency 
dropped immediately after the sharp variation in influent turbidity (approx. 20% UPFs 1 & 2, 
10% UPF 3). Results of the turbidity dosing tests are shown in Table 12.
Table 12 Mean turbidity and suspended solids removal for routine samples and kaolin dosing
test Runs 1 -4.
Sample
type
Raw
Water
Mean
UPFl
Effluent
Mean
UPFl
Reduction
%
UPF 2 UPF 2 
Effluent Reduction 
Mean %
UPF 3 
Effluent 
Mean
UPF 3 
Reduction 
%
Suspended
Routine 8.6 27.0 70.3solids
(mg/1)
3.7 57.0 2.7 (68.6) 0.8 (90.7)
Run 2 75.9 41.9 44.8 20.4 51.3
(73.1)
9.8 51.9
(87.1)
Turbidity
(NTU)
Routine 7.5 3.9 48.0 2.6 32.0
(65.3)
1.5 43.0
(80.0)
Run 1 66.9 33.6 49.8 18.1 46.1
(72.9)
7.1 60.8
(89.4)
Run 2 90.8 46.8 48.5 23.7 49.4
(73.9)
9.1 61.6
(90.0)
Run 3 177.7 88.0 50.5 47.7 45.8
(73.2)
17.3 63.7
(90.3)
Run 4 
(peaks)
125.0 59.5 52.4 28.4 52.3
(77.3)
10.5 63.0
(91.6)
Run 4 
(post
73.2 48.8 33.3 29.6 39.3
(59.6)
11.6 60.8
(84.2)
peaks)
( ) = Cumulative percentage reduction
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5.3.3. Cleaning of UPFs
The development of an efficient cleaning procedure is of vital importance for the reliable 
performance of prefilters (Pardon, 1989). The principal processes associated with hydraulic 
cleaning by rapid draindown are:-
• destabilisation of deposits
• transport of detached deposits to the underdrains
• removal of deposits from the underdrains
The opening of the washout valve instantaneously creates high downflow velocities which 
decrease with the falling head as the unit drains down. It is acknowledged that rapidly opening 
and closing the washout valve creates pressure waves in the bed, which enhance cleaning 
processes. However, in order to distinguish between the performances of individual units this 
procedure was not employed in the UPF tests. During the test periods there was no indication 
from either turbidity nor suspended solids data of a significant drop in filter efficiency which 
could be used as a prompt for routine cleaning.
UPF 1 was cleaned twice on day 50 of one of the later filter runs, these cleaning operations 
were identified as Runs A & B. The washwater turbidity and suspended solids variations 
through draindown run time show two important features (Figure 25 and Figure 26). Firstly, a 
large reduction in peak suspended solids values was recorded between Runs A and B at a run 
time of approximately 150sec, giving suspended solids levels of 12200 and 2450mg/l 
respectively. Secondly, a rapid rise in turbidity/suspended solids levels occurred after a run 
time of 250 seconds. Although flow dropped to below 0.51/min after 400sec run time, the 
suspended solids in the washwater for Run A remained greater than 40000mg/l.
The results indicate that the hydraulic cleaning of raised floor prefilters was able to remove 
significant levels of deposited solids and that gross suspended solids levels were removed 
during the final stages of draindown. The latter is assisted by the potential for turbulent flow to 
exist in the underdrain cavity after the washwater drained down to a level below the supported 
gravel. This was confirmed by monitoring the level of the water surface during draindown of 
PFl in relation to drain-down time. The ability of UPF 1 to remove particulates from the 
underspace is confirmed by the comparatively low suspended solids levels after 250sec run 
time in draindown B.
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Figure 25 Turbidity levels in UPF 1 draindown effluent during cleaning, Runs A & B
The high turbidity/suspended solids values recorded after 250sec draindown for UPF 1 were 
not reflected in the pattern of washwater turbidity and suspended solids levels relating to UPFs 
2 and 3, when they were subjected to twin draindowns on run days 91 and 86 respectively 
(Figure 27 and Figure 28).
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Figure 26 Suspended solids levels in UPF 1 draindown effluent during cleaning,
Runs A & B
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Figure 27 Suspended solids levels in UPF 2 effluent during hydraulic cleaning
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Figure 28 Suspended solids levels in UPF 3 effluent during hydraulic cleaning
The washwater from all UPFs contained particles with a range of equivalent spherical 
diameters from the lower measurement limit of 2ji.m to the adopted upper limit of 60pm. A 
typical particle distribution for UPF 1 draindown Run A is shown in Figure 29.
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Figure 29 Particle size distribution of PFl draindown effluent during cleaning
UPF 1 was cleaned on days 1, 3 and 10 of a test run, in order to investigate the deposition rate 
in relatively clean UPFs. The raw water suspended solids levels through the ten-day period 
were in the range of 7 to lOmg/1. UPF 1 washwater suspended solids levels for the three test 
days are shown in Figure 30. The washwater data displayed the "tails" of high suspended 
solids levels noted in earlier tests and the effects of increased deposition in time was apparent 
in the pattern of the results.
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Figure 30 Suspended solids levels in UPF 1 draindown effluent versus time
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The experimental work was completed utilising as low a Mean Draindown Velocity (MDV -  
defined in Equation 2) as could be applied whilst achieving adequate cleaning, indicated by 
washwater turbidity, suspended solids levels and long-term performance of the prefilter. On 
the evidence of the long prefilter run times achieved in the experimental works, a guideline 
value of 60 to 90m/h for the minimum Mean Draindown Velocity is considered to be 
extremely safe for design purposes (Wegelin, 1996).
Equation 2 Mean draindown velocity
MDV = Change in water level between start to effective  end of draindown (m) Time of draindown (hours)
Where the effective end of draindown was achieved once the flow rate was reduced to 
approximately 0.251/min.
Note: There is a practical upper limit of velocity through the voids for a given head of water 
determined by the size, shape and other characteristics of the media, although there is 
not a similar constraint for draining the underfloor space. It is, therefore, theoretically 
possible to develop an airspace beneath the raised floor as the water level in the gravel 
media falls during very rapid draindown. This would not compromise cleaning 
operations.
5’oor
■ ■ H I
Plate 13 Samples from cleaning UPF 1 (time of taking samples labelled on containers)
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Plate 14 Close up of PFl sample 
taken during cleaning
5.3.4. Laboratory Prefilter Tests
To investigate the purely physical implications of upflow gravel prefilter cleaning on 
subsequent performance, a 400mm x 300mm x 400mm clear PVC tank was fabricated which 
included a perforated floor at a height of 100mm above the base of the tank. A series of tests 
were carried out using kaolin suspensions to produce influents of various controlled 
turbidities.
A quantity of 20mm nominal size gravel was washed by hand before being placed in the unit 
to form a 250mm deep bed. The performance of the prefilter was assessed by determining 
influent and effluent turbidity and suspended solids levels together with particle size 
distributions. Peristaltic pumps were used to maintain upflow conditions and the clear-sided 
tank allowed deposition patterns to be observed. A summary of results is given in Appendix 
L.
A number of comparisons can be made from the data. Firstly, it was confirmed that the 
particle removal efficiency of the prefilter is affected by filtration rate in a non-linear manner. 
Secondly, the aggregation of kaolin in the voids does little to affect the prefilters performance, 
if anything it produces a slight improvement over the performance of the backwashed 
prefilters. Deposition in the prefilter was marked on the upper surface of the media, 
confirming filtration theory which points to sedimentation being the prime transport 
mechanism for particles >lmm (Yao eta l, 1971).
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5.4. Results: Fabric Enhanced Slow Sand Filters (FESSFs)
The physical performance of the FESSFs was evaluated by monitoring turbidity and 
suspended solids loadings. The FESSFs consistently produced product water with a turbidity 
less than INTU, although it should be borne in mind that they were protected by the UPFs. On 
the occasions that sharp raw water peaks of turbidity/suspended solids loadings were 
experienced, the FESSFs were able to cope with short-term exposure to influent turbidities 
greater than lONTU (Figure 31).
Microbiological performance of the FESSFs was assessed by routinely monitoring faecal and 
total coliform levels, giving reduction rates typically in excess of 99%. Acknowledging the 
relatively low faecal coliform levels in the raw water during the test, it was noted that all three 
FESSFs gave broadly similar performance. However, phage tests carried out on the FESSFs 
gave noticeably inferior removal within the 100mm filter than within the other FESSFs 
(Figure 32).
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Figure 31 Attenuation of turbidity by FESSFs
Operationally the FESSFs were very easy to maintain, with the monitoring of headloss 
development across the beds (via conventional manometer tappings) indicating the need to 
clean the units. In general the cleaning was limited to washing the fabrics, sand replacement 
was dictated by other experimental objectives throughout the 2 to 3 year test programme. In 
the longer term experiments, FESSF run times in the order of 120 days were achieved. 
Throughout the research programme the fabric enhanced slow sand filters confirmed their 
potential, indicated in Phase 1, to increase run times by making the unit process more tolerant 
of influent turbidity.
Bacteriophage removal across the FESSFs is shown in Figure 32, all three FESSFs achieved 
significant levels of removal. However, the deeper filter (FESSF C) achieved the highest
7 2
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removal rate reducing an influent concentration of approximately lOOOOOpfu/ml by 99.9%.
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Figure 32 Bacteriophage removal across the FESSFs
5.5. Results: Fabric Only Filter (FOF)
The potential for creating a fabric only filter (FOF) was examined by running a series of tests 
with multiple fabric layers mounted in the middle of one of the Potapak units (no sand). In 
addition, the physical treatment performance of two types of fabric was evaluated in the 
laboratory by dosing a trial column in which fabrics were mounted with a raw water/kaolin 
suspension. Two fabric types were tested; both were non-woven needle felted polypropylene 
geotextiles and are identified by their brand/company names of FIBRETEX and 
GEOFABRICS. The specifications for the fabrics are given in Table 13.
Two FOF runs were carried out on the pilot plant, the first (FOFl) utilised 6 layers of Fibretex 
F-4M and the second (FOF2) employed a similar number of layers of GEOFABRICS GP90. 
The physical and microbial performance of the FOFs were evaluated by recording turbidity, 
suspended solids, faecal coliform and total coliform levels.
Although the turbidity readings can be approached with confidence, it is difficult to obtain 
reproducible suspended solids values of this relatively low level. As a result mean percentage 
turbidity reductions are considered to offer a more reliable basis to compare the performance 
of the two fabrics.
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Table 13 Specification of fabrics utilised in filters
Item Fibretex Geofabrics
Manufacturers Code F-4M GP90
No. of layers of fabrics 6 6
Weight 300g/m^ 1200g/m^
Thickness at 2kPa 3.2m m 7.0m m
Pore Size dço 70m m <59m m
Water Permeability - 
100mm head
105 1/m^s 72 1/m^ s
Porosity 0.9 0 .9
Specific surface area 13163m^/m^ 13163m^/m^
M axim um  T ensile Load 17kN/m 32kN/m
The results are as could be expected, bearing in mind the different thickness and permeabilities 
of the fabrics. The mean percentage turbidity and suspended solids reductions achieved by the 
Fibretex filter were 62% and 65% respectively. Mean percentage turbidity and suspended 
solids reductions achieved by the Geofabrics filter were 86% and 32% respectively.
The microbiological treatment efficiency of the two FOFs was established by monitoring total 
and faecal coliform levels. As in the case of turbidity, a comparison of the FOFs levels of 
faecal coliform removal appears reasonable, bearing in mind the differences in the fabric’s 
specification properties. However, it should be remembered that a traditional slow sand filter 
can typically achieve a 99.99% faecal coliform removal rate. The mean percentage removal of 
faecal coliform was 50% in the Fibretex filter and 72% in the Geofabrics filter. However, 
these results should be seen in the context of the extremely shallow depths (thickness) of the 
fabric filters tested. What the results do confirm is the potential of the fabric fibres to support a 
mixed microbial population of some complexity, bearing in mind the characteristics of 
conventional slow sand filters.
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5.6. Herbicide Removal in the Multi-stage System
5.6.1. Removal of Atrazine
An atrazine concentration of 3 to 5|ig/l was selected as a raw water concentration. In order to 
achieve the required concentration, a herbicide solution of 2.2ppm was pumped by a digital 
controlled pump at a calculated flow rate, which took into consideration the raw water 
throughput.
The environmental chemistry of atrazine suggests that instantaneous sorption and 
biodégradation are unlikely. It is probable that, as a result of the slow kinetics of atrazine 
biodégradation, the process will take several days, if not months or years. The retention time 
within each gravel prefilter was approximately 1 hour, suggesting that biodégradation would 
have been negligible. It was assumed that if atrazine removal was observed it would be due to 
adsorption of the atrazine onto available adsorptive surfaces in the bed.
Atrazine has the lowest solubility in water of all the studied herbicides. Assuming that removal 
is due to partitioning of the solute based on it’s hydrophobic character, atrazine could be 
expected to be the herbicide most removed by the prefilters. The concentration of the herbicide 
applied to the filters (3p,g/l to 5pig/l) was far below the solubility limit of the compound 
(30000|ig/l). Consequently, partitioning effects were not as strong as would have been 
expected if the compound was applied at higher concentrations, as is usually the case with soil 
studies.
The effluent flow from UPF 3 was discharged via a manifold tank and then via adjustable 
"pipe weirs" into the supernatant of the two FESSFs. More sorption and biodégradation was 
expected within the fabric enhanced slow sand filters than the prefilters, on a unit for unit 
basis. There are two principal reasons for this assumption:
• Filtration rates in the FESSFs are typically 20 to 25% of those for UPFs, for filters of 
similar depth the mean time for which the herbicide is within the FESSF is 4 to 5 times that 
for the UPF. Slow rate reactions, both physical and microbiological can take place and are 
more likely to go through to completion.
• Pore sizes are much smaller in the FESSF and the effective media surface area far larger, 
making close contact between herbicide and biologically active or adsorptive surfaces 
more likely.
Analysis of the concentration of atrazine in the influent and effluent water of each unit process 
in the multi-stage system showed that there was no significant change in the concentration of 
the herbicide after it had passed through the prefilters nor through the fabric enhanced slow 
sand filters (Appendix M).
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5.6.2. Removal of 2,4-D and MCPA
The chlorophenoxy herbicides, 2,4-D and MCPA, were dosed separately, the dosing 
arrangements were similar to those described for atrazine. A concentration of approximately 3 
t o l l  |ig/l was produced in the raw water by pumping herbicide solutions of 4ppm at flow rates 
determined by applying mass balance equations. The removal capacities of the individual unit 
processes of the multi-stage system were calculated as the percentage reduction of herbicide 
concentrations across each treatment unit.
The environmental chemistry of these compounds is such that they can be described as 
relatively soluble, as a result partitioning is far less likely. Under the usual pH range of surface 
waters (pH 5 to 8) and because the compounds carry a negative charge, adsorption onto clay 
particles and organic colloids is unlikely. The most likely mechanism of adsorption, should it 
occur, is through electrostatic bonding on multi valent cation sites on clay colloids; this kind of 
interaction becoming more significant as the concentration of the herbicide in the water stream 
increases. However, in contrast to their adsorption characteristics, the structures of 2,4-D and 
MCPA are such that they can be broken down relatively easily by processes of microbial 
degradation. In general the toxicity to micro-organisms of these herbicides is very low and 
they can act as substrates, fuelling microbial activity within the process of biodégradation.
The main limiting factors would appear to be the availability of micro-organisms to perform 
biodégradation and the rate of herbicide diffusion in the bulk water to the cell surface to match 
the water flow rate. The prefilters were known to be microbiologically active and removal by 
biodégradation was considered to be the most likely process if herbicide removal occurred 
within the prefilters. Micro-organisms are present in abundance within (fabric enhanced) slow 
sand filters and, bearing in mind the typically slow filtration rates, micro-organism availability 
can be assumed to be non-limiting. The physical behaviour of these compounds is such that 
they are very soluble in water, hence diffusion processes are very rapid. This suggests that 
once a micro-organism removes (by passive sorption or active transport) the surrounding 
available herbicide, the transport of further herbicide to the location is rapid, supporting the 
concept of instantaneous removal.
The mean level of removal of 2,4-D and MCPA in the prefilters was 17%; however, there was 
considerable seasonal variation (page 85). There was a progressive reduction of herbicides 
through the multi-stage system, although in terms of percentage removal the performance of 
the different prefilters followed a pattern where removal in PFl > PF2 > PF3. The decreasing 
herbicide concentrations in the influent to each successive PF are considered to have 
influenced this situation.
The removal patterns of 2,4-D and MCPA by the fabric enhanced slow sand filters is shown in 
Figure 33 and Figure 34. The effect of bed maturation was specifically examined within the
2,4-D/MCPA testing programme. To evaluate the performance of an immature filter, dosing 
commenced only 7 days into a filter run, before the FESSFs had established fully mature
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biologically active zones. A significant feature of the associated results was the penetration of 
both filters by 2,4-D at the beginning of the dosing period. The level of penetration reduced in 
time clearly indicating the significance of bed maturation. In contrast to the 2,4-D results, the 
removal of MCPA was apparent from day 1 of the dosing period and continued for the 18 days 
of the test. The difference between the removal efficiencies is attributed to the prevailing 
"degrees of maturity" in the two filters.
Once the removal of the herbicides had been observed it was considered necessary to establish 
if this characteristic continued in time. The dosing of 2,4-D was continued for a period of 
approximately 1 month and MCPA dosing carried out up to a run time of 18 days. A small 
breakthrough of 2,4-D was recorded on day 26 of the FESSF runs. The results for the both the
2,4-D and MCPA dosing indicated that the removals over the periods of the tests were not due 
to temporary adsorption or sorption phenomena but an established sorption and 
biodégradation process. An important distinction must be made between the medium term 
removal efficiencies reported above and seasonal or longer term variations.
% t o t a l  r e m o v a l  
%  r e m o v a l / u n i t
PF2 PF3
Treatm ent Unit
Figure 33 Removal of 2,4-D through UPFs and FESSFs
7 7
DFID Final Project Report
Ü
I
E
Ê
% t o t a l  r e m o v a l  
%  r e m o v a l / u n i t
Treatm ent Ih it
Figure 34 Removal of MCPA through UPFs and FESSFs
5.6.3. Removal of Paraquat
The removal of the pyradinium herbicide paraquat was investigated in similar experimental 
procedures to those adopted for the atrazine, 2,4-D and MCPA herbicides. A paraquat 
concentration of approximately 5 to lOp-g/l was produced in the influent to the multi-stage 
system.
Considering the environmental chemistry of paraquat, it might be expected that removal 
would occur at all unit processes of the multi-stage system. In addition to the common London 
van der Waals interactions, paraquat undergoes different classes of intermolecular 
interactions, such as ion exchange and electrostatic bonding, hydrogen bonding and charge 
complex formation. However, results showed that paraquat was not removed by the gravel 
prefilters or fabric enhanced slow sand filters. Influent and effluent concentrations recorded 
during the paraquat tests are given in Appendix N.
The observed results can probably be explained by the fact that the herbicide was applied in 
very low concentrations when compaied to the studies which investigated the adsorption 
affinities of paraquat. In this case concentrations were in the order of 1000 jig/1 or greater.
7 8
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5.6.4. The effect of performance variables on removal
Having established the removal of the selected herbicides by the gravel prefilters and fabric 
enhanced slow sand filters at typical filtration rates, approximately 0.55 and 0.15m^m’^ h'  ^
respectively, it was considered essential to observe the effects of changing these variables. In 
these tests FESSF B and C (300 and 500mm depth) were run at a number of different flow 
rates (Appendix O).
Clearly, for a given bed depth, lower flow rates would result in longer herbicide contact times 
within which adsorption and biodégradation processes could proceed. Atrazine removal was 
measured when flow rates decreased from 0.16 to 0.07m^m'^h'\ This resulted in an increase in 
the mean contact time from 1.6 to 3.7 hours for FESSF A. Despite the scale of the increase in 
contact time there was no significant increase in the removal of atrazine, suggesting that the 
contact time increase was insignificant when compered with the time required for the 
microbial removal of atrazine.
Similarly, FESSF A was dosed with 2,4-D & MCPA at a flow rate of 0.12m^m*^*^ (increased 
from 0 .06m ^m '^ '\ halving the effective contact time from 4.3 to 2.15 hours. Again there was 
no significant reduction in removal efficiency, suggesting that "instantaneous removal" 
occurred in the FESSF. However, it must be remembered that only a few flow rates and 
herbicides were tested and that the results do not fully confirm filter behaviour for all possible 
filtration rate variations.
An increase in the bed depth proportionally increases the sand surface available for both 
microbial colonisation and direct herbicide adsorption. Theoretically, it is countenanced that 
an increase in filter bed depth would generally result in an increase in the herbicide removing 
capacity. However, the results show that, for the same flow rate, the removal of atrazine and 
paraquat by FESSFs A and B were similar within experimental accuracy limits.
It was also postulated that FESSF C (500mm bed depth) would remove 2,4-D and MCPA 
more effectively than FESSF B (300mm depth bed). This was not the case for the 
concentration range studied. It is concluded that the increase or decrease of reaction time, 
related to flow rate or filter depth variations, were insignificant when compared with the time 
necessary for removal of these herbicides by micro-organisms.
It was thought unlikely that the increase in sand surface area would have a significant effect on 
atrazine and paraquat removal. Nevertheless, the ability of the sand to adsorb the herbicides 
was investigated separately. A sample of sand was washed with dilute hydrochloric acid, to 
remove any biofilm and arrest further microbial activity. The sand was placed in a 0.5cm 
diameter column of 50cm length and dosed over 6 days with herbicide solutions of 
approximately 5mg/l, which had been prepared using distilled water. The results confirmed 
that none of the herbicides were adsorbed onto the clean sand, eliminating direct adsorption 
onto the sand as a significant mechanism for herbicide removal.
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Another possible mechanism for removing herbicides was adsorption onto particle deposits on 
the fabric enhanced slow sand filters. After the dosing period for each of the herbicides, 
representative samples of the surface silt and organic matter, known in combination as the 
schmutzdecke, were collected from the surface of the fabrics. Samples were obtained by 
scraping the surface of the fabrics in four places, combining and mixing them before isolating 
representative test samples. The samples were dried and analysis performed on 1 g of the dried 
sample. Only atrazine and paraquat were found adsorbed and in the quantities shown in Table 
14.
Table 14 Herbicides adsorbed on schmutzdecke samples
Herbicide Type Amount of Herbicide adsorbed (mg/lg) of Schmutzdecke.
Atrazine 0.12
2,4-D <MDL
MCPA <MDL
Paraquat 0.25
MDL = Method Detection Limit
If the observed removal of the chlorophenoxy acids is through microbiological activity, it 
follows that the highest removal occurs in the region where there is the highest concentration 
of micro-organisms. There is widespread agreement that the largest density of micro­
organisms resides at the top of the filter bed, typically in the first 50 to 100mm (Lloyd, 1974; 
Duncan, 1988; Clarke, 1988; Metropolitan Water Board, 1971-1973). A slow sand filter can 
be considered as having levels of microbial activity which decrease with depth to a point 
beyond which only chemical changes occur.
Therefore, in theory, when a herbicide which is amenable to removal passes through the filter, 
it passes from a highly biodegradable environment to a less active zone. If the observed 
removal of 2,4-D was due to microbial activity, it was speculated that the pattern of removal 
must reflect the stratification of the microbial population within the fabric enhanced slow sand 
filter. To test this hypothesis a programme of 2,4-D dosing was carried out, firstly a 
concentration of 6.6 to 9.4mg/l was dosed and samples taken throughout the depth of the sand 
bed via manometer tappings. The results of the experiment are shown in Figure 35 and 
confirm that all of the 2,4-D removal occurs in the top 100mm of the bed and 66% in the first 
50mm.
The 2,4-D dosing concentrations were increased in a series of tests to establish the disposition 
of biodégradation activity (Figure 36). The results are very clear, once a significant herbicide 
concentration has penetrated below the 90mm tapping there is effectively no further removal 
in the filter bed. These results further confirm the role of the micro-organisms in the removal
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of herbicides. The final proof of biodégradation of 2,4-D by micro-organisms in the filter bed 
was the identification of the biodégradation product 2-chlorophenol, predicted from 
considering the metabolic pathways of the herbicide.
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Figure 35 Determination of zone removal of 2,4-D by FESSF
Generally an increase in temperature up to an optimum value increases the rate of 
microbiological degradation of organic compounds; however, a further increase above this 
temperature decreases the biodégradation ability. This optimum temperature varies from 
herbicide to herbicide and from organism to organism. An increase in temperature leads to 
another important effect in that it decreases the dissolved oxygen content of the water. Clearly, 
if the biodégradation of the herbicide proceeds through an oxidative mechanism the associated 
decrease caused by an increase in temperature will lower the extent of the removal of the 
compound. In relation to the interaction of herbicides and aquatic micro-organisms, it has been 
found (Roan & Ware, 1970) that the rate of degradation of 2,4-D decreases as the dissolved 
oxygen level reduces on a more significant scale than when the temperature reduces.
Air and water temperatures were recorded as samples for the herbicide analysis were 
collected. During the period July to October in both 1994 and 1995 there was a very distinct 
fall in both water and air temperatures, during the same period there was a reduction in the 
herbicide removing capacity of the FESSFs. The observed effect could not have been 
explained by temperature alone, but it is speculated that temperature plays a significant role, 
either directly or indirectly, by affecting dissolved oxygen content or increasing the solubility 
of a number of compounds which might have otherwise been present in low concentrations. A 
change in the dissolved oxygen level would affect the aerobic behaviour of the bed, 
influencing a number of oxidative biodégradation processes. Any increase in the concentration
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of dissolved compounds associated with a rise in water temperature could lead to the presence 
and abundance of alternative nutrients.
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Figure 36 Comparison of 2,4-D removal by schmutzdecke versus bed depth
Seasonal variations can be expected to have an effect on the microbial community structure 
leading to a change in the overall performance of the system. River water quality usually 
changes with the seasons according to climatic change, surrounding land use, human activity, 
rainfall and surface water runoff. Seasonal changes are also characterised by different 
temperature conditions that can directly affect the selective colonisation of the bed by micro­
organisms. An increase in temperature would favour mesophilic micro-organisms (optimum 
growth temperature 20 to 45°C) and a decrease would favour the psychrophilic micro­
organisms (optimum growth temperature below 20°C). However, an increase or decrease in 
temperature also indirectly affects the microbial community by changing the bed environment 
to either a higher degree of anaerobicity or aerobicity with a reflected proportional change in 
the community structure.
The significance of these complex interactions was demonstrated during the period August to 
September 1995 when the fabric enhanced slow sand filters were being dosed with 2,4-D. The 
mature filters were completely penetrated by 2,4-D for the two months but re-established a 
100% removal rate in October and maintained this through November and December (Figure 
37). It was realised that the partial penetration of 2,4-D, first observed during proving trials in 
August and October 1994 had shown this effect but, at the time, was incorrectly considered to 
be the result of experimental error. This phenomenon is a matter of importance, particularly if
8 2
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prefilters, slow sand filters and terminal disinfection with chlorine are adopted as a treatment 
system which complies with the multiple barrier concept.
0) 0>
Months test perform ed
Figure 37 % penetration of 2,4-D through slow sand filters
It was established that the prefilters and slow sand filters of the multi-stage system were not 
effective in removing the s-triazine herbicide Atrazine and the bipyradinium Paraquat. 
Although removal of the chlorophenoxy herbicides 2-4-D and MCPA did occur, extended 
tests with 2-4-D showed that removal could be seasonal and effectively cease during summer 
months for reasons which are not understood.
It was necessary to develop an understanding of the most reliable technique for improving the 
product water from the multi-stage system in relation to herbicide removal. The use of ozone, 
radiation or membrane filtration were rejected on the grounds of technical complexity. 
Preliminary work with charcoal indicated some removal of herbicide but it was not possible to 
resolve physical problems which prevented the application of reliable testing procedures.
One effective and fairly safe treatment option is the use of granular activated carbon (GAG) 
with biological slow sand filters. The question of where to position the GAG was considered, 
the options available being before, after or within the slow sand filter. In the first case the sand 
filter would be protected against the effects of toxic chemicals but a substantial quantity of 
biodegradable organic compounds would be removed, reducing the life of the GAG. The 
positioning of a GAG bed after the slow sand filter would ensure the longest “useful lifetime” 
for the activated carbon but have the lowest potential for microbial regeneration. Positioning a 
GAG layer within the sand filter bed has the potential to allow microbial regeneration whilst 
minimising the effect of previously adsorbed organic compounds being released by the GAG 
should a major variation in the type and solubility of micropollutant be experienced.
The ability of granular activated carbon (GAG) for adsorbing the selected herbicides was 
investigated in laboratory studies. Batch adsorption studies were selected since, for small 
volume work, they have the advantage of being free from complex hydraulic parameters
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intrinsic to flow through systems. The studies involved mixing 0.1 g of the G AC (1.12 to 
0.6mm) with 250ppb solutions of the test herbicides. The mixtures were shaken continually 
for up to 8 hours and samples taken periodically and analysed using the methods developed for 
the research work. The rate of the different adsorption reactions were plotted against time and 
established that GAG has adsorption capacity for all of the test herbicides.
300
Atrazine
2,4-D
MCPA
2  200 Paraquat
® 1 5 0 -
o 100
50 -
200100 300 
Time (min)
400 600500
Figure 38 Rate of adsorption of the test herbicides with F-400 granular
activated carbon
Plate 15 On-line GAG filter columns
One of the limitations of the batch 
adsorption studies was that in full 
scale treatment plants the carbon 
would be in a fixed bed through 
which the water passes during 
treatment. This means that the carbon 
in the filter bed would be exposed to 
a steady level of herbicide, assuming 
a constant concentration in the raw 
water, whereas in batch tests it was 
exposed to a gradually diminishing 
concentration of herbicide. 
Accordingly, a second series of tests 
using on-line columns was 
undertaken. Filter beds were 
constructed in the columns with a 
20cm filter support of shingle, 66cm 
of sand beneath a 3.67cm layer of F- 
400 GAG (effective size 0.6-0.7mm) 
with a final covering of 
approximately 10cm of sand (Plate 
15).
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The columns were tested at filtration rates of 0.89, 1.24 and 1.80 m^m'^h"  ^ to give contact 
times of 20, 15 and 10 minutes respectively with water containing similar herbicide 
concentrations (typically 5|ig/l) on a day to day basis. After 43 working weeks Column 3, with 
a contact time of 10 minutes, showed a clear breakthrough. A study of this nature would be 
necessary to determine optimum contact times for full scale applications, timing the 
breakthrough of the GAG to correspond with the planned reconstruction of the slow sand 
filter.
In further tests chromatograms indicated that the filtered water contained compounds which 
were not present in the influent stream. A possible explanation was that the slow rate of 
filtration and the presence of a mixed microbial population allowed biodégradation of 
compounds adsorbed on GAG to take place. It was not clear whether the “degradation 
products” were a biodégradation product of atrazine or other compounds present in the 
influent water.
5.7. Discussion of Phase 2 Research
Upflow gravel prefilters and enhanced slow sand filters can be combined in a multi-stage 
water treatment system. The multi-stage system is viewed as offering reliable water treatment 
for small community use in the developing world, which requires only simple maintenance. In 
combination with terminal disinfection it provides robust multiple barriers to water borne 
disease.
The shallow pilot plant prefilters performed in a satisfactory manner and the relatively coarse 
40mm nominal media prefilter UPF 1 was able to appreciably reduce sharp turbidity/ 
suspended solids peaks to the advantage of downstream prefilters. A feature of the triple stage 
prefilters was their collective ability to attenuate peak loadings and also facilitate the 
successful operation of downstream enhanced slow sand filters when raw water turbidity was 
greater than lONTU for periods of up to nine months. Mean filter coefficients (k) for all 
prefilters remained positive throughout a monitoring period of 568 days.
Prefilter run times, with short cleaning draindowns of typically one hour in duration, were 
greater than two years. Performance remained consistently in the range of 60 to 75% turbidity/ 
suspended solids removal and there was no indication of excessive detached deposited particle 
carrypver onto downstream filters. Gleaning (draindown) operations were simple and 
effective; the raised prefilter floors were thought to offer performance and cleaning benefits 
(Glarke er a/., 1996b).
UPF 1 displayed markedly different characteristics to the other prefilters in the latter stages of 
the cleaning draindown. The experimental results suggest that the 40mm nominal single-sized 
media allows detached deposits to fall from the filter interstitial pores into the underfloor 
space as the last few litres of washwater drains from the prefilter. The potential for detached
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deposits to collect in the underfloor cavity (secondary deposition) in a manner which assists 
their subsequent removal is considered to be an important feature of the UPFs.
Evidence of increased deposition in time being removed was provided by washwater quality 
data relating to the hydraulic cleaning of the UPFs on days 1, 3 and 10 of one of the later test 
runs, but did not offer a basis for determining "optimum" cleaning frequencies. The 
performance of UPF 1 (40mm nominal single-sized media) was such that it is recommended 
that any pilot scale "treatability studies" in advance of prefilter selection should include this 
media size.
Particles down to the lower measurement limit of 0.75|im were progressively removed across 
the prefilters. A significant degree of biological treatment also took place within the prefilters, 
including bacteriophage removal. Faecal coliforms were reliably removed within the upflow 
prefilters, with a reduction of over 80% being achieved in what were long term tests. The level 
of virus removal (bacteriophage) measured in a series of tests was approximately 90%. This 
performance was sustained when a simultaneous peak of physical contamination was created 
by carrying out kaolin dosing.
The fabric enhanced slow sand filters were reliable and simple to operate. The polypropylene 
fabric layers on top of the sand enabled the filters to continue to operate despite short peaks of 
exceptionally high turbidity in the supernatant.
Microbiological treatment was assessed by monitoring faecal coliform removal and carrying 
out virus dosing (bacteriophage) tests. Results confirmed the ability of the fabric enhanced 
slow sand filters to achieve over 99% faecal coliform and 90% bacteriophage removal. The 
performance of the 300mm deep bed indicated that adequate performance could be maintained 
at such a shallow depth, given moderate microbial loading rates.
‘Fabric only’ filters, which utilised two types of geotextiles, were tested to determine the 
potential scale of the treatment process contained in the multiple layers. Over half the physical 
and microbial treatment capacity, measured in terms of turbidity and faecal coliform removal, 
was contained in the fabric layers. The results confirmed the role of the fabrics in enhancing 
performance.
Research confirmed that the multi-stage system is capable of removing the herbicides MCPA 
and 2-4-D from the raw water stream. The herbicide removal most likely resulted from 
microbial degradation. However, the seasonal variation in 2-4-D removal exhibited by the 
pilot plant indicated that microbial degradation was a dominant mechanism. Nevertheless, 
specific tests were conducted down the depth of the sand filter bed and showed that removal of 
2-4-D was taking place within the biologically active zone. In addition, it was confirmed that 
2-chlorophenol, predicted to be a biodégradation product of 2-4-D was present and that the 
sand would not contribute significant adsorption capacity.
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It is not advisable to rely on the multi-stage filtration system to reduce the levels of herbicides 
and other organic compounds which are amenable to biodégradation or adsorption. Even if a 
pilot plant study is utilised to examine the system’s performance the potential unpredictability 
of the seasonal variation in herbicide removal should be countenanced. Indeed, the rationale of 
conducting long term tests of the multi-stage system in the research project was developed to 
take account of such circumstances. It is recommended that future research into biologically 
active prefilters and/or sand filters detail the date and time their experiments are performed 
when recording data.
Laboratory and pilot plant scale column tests were carried out and a sand/activated carbon 
sandwich selected as the best option for removing micropollutants within the multi-stage 
system.
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Section 6
Terminal Disinfection
Typically, terminal disinfection forms an integral part of a system of unit water treatment 
processes which complies with the ’multiple-barrier’ principle, a concept which underpins all 
of the project work described in this report. The efficiency of terminal disinfection relies on 
the efficiency and reliability of the preceding treatment processes. Relatively low turbidity 
water is needed if protozoa, bacteria, viruses and other pathogenic microbes are to be rendered 
harmless. Highly turbid waters can shield bacteria from the effect of a disinfectant. 
Disinfection provides the ultimate barrier against water-related diseases and, in the event that a 
filtration stage fails, the disinfection stage should compensate, allowing the treatment system 
to continue to provide safe drinking water.
Disinfection formed the main research area for DFID (ODA) project R4629, and a detailed 
review of disinfection methods for both developed and developing countries can be found in 
the report of this work. The most commonly used disinfectant in developing countries is 
chlorine. Chlorine can be supplied in the following ways:
a) As chlorine gas from a cylinder - chlorine gas is the most economical method of 
disinfection for large communities but requires a constant supply of gas (often a foreign 
import), skilled staff and stringent safety procedures.
b) As chlorine gas or hypochlorite solution from an electrolytic chlorine generator - the on-site 
production of chlorine gas by membrane cells was studied in DFID (ODA) project, R4629.
c) As sodium hypochlorite solution and calcium hypochlorite solutions are made from solid 
calcium hypochlorite. Hypochlorite solutions are widely used to disinfect rural supplies in 
developing countries. However hypochlorite solutions need careful handling; the stability of 
the chlorine is affected by light, heat, pH, the presence of heavy metal cations and the 
concentration of the solution (higher concentrations decay more quickly than dilute solutions).
d) Solid calcium hypochlorite or High Test Hypochlorite (HTH). Calcium hypochlorite can be 
in the form of powder, granules or tablets and require careful storage and handling, as they can 
be extremely dangerous. Contact with water or moisture can reduce the storage life of these 
compounds, which can make storage difficult in tropical conditions. HTH compounds are 
much more stable than granular calcium hypochlorite but must still be stored in dry, dark
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conditions. They are expensive but their increased stability makes them economical in the long 
term.
The way the chlorine is supplied dictates how the chlorine is applied to the water. Chlorine 
gas is applied through standard gas dosing systems that include extensive safety procedures.
The most effective way of dosing liquid hypochlorite solutions is to dose a steady supply of 
chlorine solution to a steady flow of water. Such dosers rely on a constant head to drive the 
hypochlorite solution at a constant rate through the outlet of the doser and into supply. The 
Mariotte Jar is the most basic and reliable method, although the basic design can be adapted to 
use local containers as reservoirs. Dosers can use floats to maintain a constant driving head 
and these can be constructed out of any light material that is resistant to attack from the 
hypochlorite solution.
Proportional flow devices can allow for variations in the flow rate of water being treated. 
However the control of these systems is generally difficult to operate and requires specialist 
trained staff. They are not always appropriate for small communities that lack technical 
support.
Solid calcium hypochlorite can be dosed by using diffusion or pot chlorinators. Pot 
chlorinators rely on the diffusion of chlorine from a pot into the water being treated - the rate 
of diffusion is dictated by the chlorine gradient. A typical pot chlorinator consists of an 
earthenware pot with holes drilled in its base. A thick layer of gravel is placed in the pot and a 
layer of well-mixed calcium hypochlorite (or HTH) and sand is placed on top of the gravel. 
The pot is filled to the neck with another layer of gravel and is lowered into the water. Local 
adaptations of the earthenware pot have included the use of coconut shells and plastic 
containers. An additional 5% by weight of sodium hexametaphosphate is sometimes added to 
keep the mixture soft - but this may not always be obtainable. Problems of clogging have been 
reported by WHO (1989). Liquid hypochlorite can also be dosed using a double pot system 
where the hypochlorite solution is placed in one pot inside of another to reduce the release of 
the chlorine.
Tablets of chlorine can be dosed by a tipping tray chlorinator or the ’Aquaward’dosing system. 
Both of these systems rely on the erosion of the chlorine tablets in a slow moving stream of 
water (slow relative to the main water flow) and the subsequent re-mixing of the two streams. 
On occasions the tablets stick together or do not erode at a steady rate, adversely affecting the 
chlorine dosing.
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6.1. Chlorination theory
When chlorine is added to water the following reactions occur:
Formation of hypochlorous acid:
CI2+H20^hoci+h*+cr
Formation of hypochlorite:
HOCl-^H* + OCr
These reactions are in equilibria, their positions are highly pH dependent and very little 
diatomic chlorine exists at pH values found in natural waters. The hypochlorous acid (HOCl) 
and the hypochlorite ion (OCl ) together represent the Free Available Chlorine (FAC) referred 
to in the following sections. The hypochlorous acid is very much more effective at inactivating 
bacteria and viruses than the relatively ineffective hypochlorite ion. Hence, chlorination is 
only recommended for waters with a pH of less than 8 at which hypochlorous acid dominates. 
The positions of the equilibria are also temperature dependent.
The exact reason why chlorine inactivates bacteria and viruses so effectively is still not fully 
understood, but it is now believed that chlorine causes the rupture of bacterial membranes and 
inhibits vital enzyme activities. The chlorine demand of a water sample is defined as the 
amount of chlorine consumed by the sample before a free chlorine residual is produced.
Chlorine can also react with many chemicals in natural waters, including ammonia, metals and 
other inorganic and organic material. The reaction of chlorine with iron and manganese 
compounds in low oxidation states results in the production of insoluble higher oxidation state 
compounds. When chlorine reacts with organic matter in water, especially humic and fulvic 
acids, trihalomethanes (THMs) can be produced. These compounds are of concern in 
developed countries and water treatment plants in the U.K. are designed to prevent the 
formation and to enhance the removal of THMs.
Chlorine reacts with ammonia to produce the chloramines: monochloramine, dichloramine 
and nitrogen trichloride (which is given off as a gas). Chloramines are themselves 
disinfectants, they are less effective than hypochlorous acid however they are more stable. 
Chloramines are finding increasing application in the prevention of THM formation.
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6.2. Disinfection Methods for Small Communities in Developing 
World Countries
An appropriate disinfection method for small communities in developing countries should 
ideally:
Be simple to operate, maintain and repair;
Be robust, reliable and safe to operate;
Provide effective disinfection over a range of raw water conditions;
Not introduce any toxic compounds into the water;
Be of reasonable cost;
Not rely on foreign imports, a power supply, specialist technical skills or spare parts.
However, the requirements of a disinfection method for small, long-term water supplies are 
different from those for a disinfection method for emergency or refugee situations. In 
emergency situations, a disinfection method may use foreign imports, a power supply, 
specialist technical skills and spare parts, all of which can be provided by an aid agency for 
relatively short periods of time. Cost may not be the primary consideration where it is 
important to get safe drinking water, quickly, to large groups of people who have no other 
source of drinking water.
These factors are important when considering the range of disinfection methods available on 
the U.K. market and influenced the choice and testing of the disinfection methods studied in 
this project. A range of water treatment technologies, appropriate for use in emergency 
situations in developing countries, was briefly reviewed. These technologies included:
reverse osmosis filtration; 
diatomaceous earth (DE) or pressure filtration; 
ion-exchange resins; 
sand pressure filtration; 
ultra violet disinfection; 
silver-copper ionisation; 
electrochemical activation (ECA).
ECA technologies were chosen for further investigation. A new pattern of ECA cell, called a 
Stel, was selected and evaluated in an extensive testing programme. It was claimed that the 
cell could cheaply produce a disinfecting solution of mixed oxidants that was an alternative to 
chlorination. In addition it was suggested that other chemical contaminants could be removed 
simultaneously.
91
DFID Final Project Report
6.3. The Stel Cell
The Stel uses a semi-conductive diaphragm and a 15V, 8A dc power supply to produce two 
solutions, the anolyte and the catholyte, from a concentrated brine solution. Softened water is 
mixed with sodium chloride to form a saturated brine solution, which is pumped to the cell 
within which the anolyte and catholyte solutions are formed. Hydrogen gas is also produced 
and should be vented safely. To maintain optimum performance and to prevent the formation 
of scale in the reactor, the feedwater should not have a hardness greater than 60mg/l. Periodic 
flushing of the reactor with 5% acetic acid solution is also recommended. The Stel cell is 
shown in Plate 16 and Figure 39.
Plate 16 Stel cell setup in the laboratory
The Stel cell is very similar to electrolytic cells that produce sodium hypochlorite, such as the 
OSEC cell (On-Site Electrolytic Chlorination). The main difference is the separate production 
of the anolyte and catholyte solutions that occurs in the ECA cell. Very little information is 
available regarding the chemical components of the anolyte and catholyte solutions, although 
the anolyte is said to be a strongly biocidal solution and the catholyte to have the properties of 
a strong detergent. The materials used in the construction of the diaphragm and electrodes 
were said to be essential to the generation of the chemical compounds and ion radicals that 
exist in the solutions produced by the cell and which aid the disinfection process.
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Figure 39 The Stel cell
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Bearing in mind the typical chemistry of raw waters, chemicals and radicals that could be 
produced during electrolysis include: chlorine dioxide, hypochlorous acid, chlorite ion, 
chlorate ion, oxygen radicals, hydrogen peroxide and ozone in the anolyte solution, and 
sodium hydroxide, potassium hydroxide, calcium hydroxide, magnesium hydroxide, oxygen 
and peroxide in the catholyte solution. However, many of these species would be short-lived 
and difficult to detect. It is suggested that the anolyte solution is mostly hypochlorous acid, in 
equilibrium with the hypochlorite ion and the hydrogen ion, and that the catholyte solution is 
mostly sodium hydroxide.
6.4. Stel Cell Laboratory Tests
A series of tests were carried out to establish whether the ECA Stel cell could be readily used 
for the treatment and disinfection of drinking water. These tests investigated whether the 
anolyte or catholyte solutions would (in line with manufacturers claims):
• Reduce faecal coliform bacteria levels in water test samples;
• React with chemical contaminants in spiked tap water;
• Affect the turbidity of lake water.
An investigation was also made into the concentration of chlorine in the anolyte solution, its 
rate of decay, and the redox potential of neat and diluted solutions. All laboratory tests used 
freshly generated anolyte and catholyte solutions. The average FAC concentration in the 
anolyte solution was 220 mg/1.
6.4.1. Biocidal Tests on Coliform Bacteria
The anolyte was dosed into water containing thermotolerant (assumed faecal) coliform 
concentrations of 2000, 10000 and 20000 cfu/lOOml and the levels tested after 15 and 30 
minutes. Two dilutions of neat anolyte solution were used:
i) A 2.5% v/v dilution, which gave 5.5mg/l of FAC in the final water;
ii) A 0.05% v/v dilution which gave 0.1 lmg/1 of FAC in the final water.
Chlorine in the samples was deactivated using sodium thiosulphate before analysis for faecal 
coliform. The results show that the anolyte solution is an effective biocide at a dilution of 
2.5%, giving 100% reduction in faecal coliform levels for all but one of the samples (the 
sample with the highest faecal coliform concentration taken after 15 minutes). A 0.05% 
dilution gave 100% inactivation of the lowest faecal coliform level after 30 minutes and 
99.98% removal for the other samples, showing that the anolyte solution is an effective 
biocide at this relatively low dilution.
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6.4.2. Reduction in Chemical Contaminant Levels
A series of tests were performed to see if the levels of chemical contaminants could be reduced 
by dosing anolyte and catholyte solutions to spiked tap water. The chemicals used in the tests, 
namely copper, iron, nitrate, nitrite, phosphate and sulphate, were chosen on the basis of their 
ability to cause quality problems in drinking water supplies.
The concentration of chemical in the spiked tap water was measured before and 48 hours after 
dosing with anolyte and catholyte solutions. The anolyte and catholyte solutions were dosed at
0.25% and 2.5% v/v. The results show that with an anolyte dilution of 2.5%, a large proportion 
(84%) of copper was removed. With this dilution, just under one third of the iron was removed 
(31%) but this was not as large a removal as was predicted from the expected oxidation and 
precipitation of the ferrous ions. Very little of the nitrate, nitrite, phosphate or sulphate was 
removed. With the lower dilution (0.25% v/v) 12% of the copper was removed. However at 
this dilution the addition of anolyte solution had no effect on the other chemicals.
With a catholyte dilution of 2.5%, a large proportion (84%) of copper and 12% of nitrite were 
removed. The other chemicals were not removed to any great extent. The lower dilution 
(0.25% v/v) gave 10% removal of the copper and 7% of the nitrite. However at this dilution 
the addition of catholyte solution had no effect on the other chemicals.
It is suggested that the removal of both copper and iron by the anolyte and catholyte solutions 
occurred through the precipitation of the insoluble metal hydroxides.
6.4.3. Turbidity Reductions
Tests were performed on untreated lake water to determine whether turbidity levels could be 
reduced more rapidly by dosing a range of anolyte and catholyte solutions than by 
sedimentation. Untreated lake water was dosed with 0.25%, 0.5%, 1% and 5% (all v/v) anolyte 
and catholyte solutions and allowed to settle over a period of 12 days. Turbidity measurements 
were taken carefully over this period. Dosing anolyte and catholyte solutions at these dilutions 
gave no detectable turbidity reduction advantage.
6.4.4. Decay of Chlorine in Neat Anolyte Solution
Neat anolyte solution was stored in an airtight container in the absence of direct sunlight at a 
constant temperature of approximately 16°C. The concentration of chlorine was measured 
over a 12 day period. The results show that the FAC of the neat anolyte solution reduced by 
25% after 12 days (Figure 40). This is veiy similar to the decay of calcium hypochlorite 
solution or sodium hypochlorite. The reduction in FAC and redox potential follow similar 
patterns.
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Figure 40 FAC concentration in anolyte solution
6.4.5. Redox potential decay in anolyte solutions
The redox potential of neat and diluted anolyte solutions was measured over a 12 day period. 
The anolyte solution was diluted to 0.25%, 0.5%, 1%, 2%, 5%, 10% and 100% (all v/v). The 
results show that the redox potential decays in a similar manner to the decay of FAC. The neat 
anolyte solution decays much more rapidly than the dilute solution, similar to the more rapid 
decay of concentrated chlorine solutions than dilute solutions (Figure 41).
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Figure 41 REDOX potential decay over 12 day period
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6.5. Chlorine Demand Reduction through Clean and Dirty Gravel 
Prefilters and Slow Sand Filters
6.5.1. Introduction
The chlorine demand of water is dependent on the substances and chemicals present. 
Contaminants are progressively removed by unit processes in a water treatment system, as a 
result the chlorine demand of the water will decrease as potential consumers of chlorine, such 
as organic matter, inorganic compounds, turbidity, bacteria and viruses, are removed. In order 
to study this reduction in chlorine demand and, in particular, to determine the effect of gravel 
prefilter condition, a two-day study was carried out.
6.5.2. Experimental method
A chlorine demand study was carried out at Shalford pilot-plant. One set of gravel prefilters 
had been in continual use, these are described below as the mature set of prefilters. The other 
line of gravel prefilters contained clean gravel, these are described as the clean set of 
prefilters.
Samples of raw and filtered water from each set of prefilters and FESSF A (six layers of 
FIBRETEX and 500mm sand) were collected. These samples were taken back to the 
laboratory for chlorine demand analysis. Routine analysis of turbidity, faecal coliform and 
suspended solids were also carried out on the samples. The same procedure was followed one 
week later.
6.5.3. Analytical Methods
• Chlorine demand (mg/1) - the chlorine demand of the water was measured by adding 
increasing amounts of chlorine (as sodium hypochlorite solution) to six one-litre samples 
of water. The samples were stirred when the chlorine was added, to ensure good mixing 
and then allowed to stand for half an hour. The Free Available Chlorine (FAC) was then 
measured. A graph of amount of chlorine added (in mg/1) versus FAC was plotted and the 
chlorine demand was taken to be the minimum amount of chlorine added to the water that 
leaves a detectable free residual after half an hour. The detection limit was 0.1 mg/1 of FAC
• Turbidity (NTU) - turbidity was measured using a portable Hach turbidimeter (Hach Model 
21 OOP). Three samples were analysed and the mean value calculated.
• Faecal coliform (/100ml) - the number of faecal coliform colony forming units in a water 
sample was measured by membrane filtration followed by incubation on membrane lauryl 
sulphate broth at 44°C.
• Suspended solids (mg/1) - suspended solids were measured by filtering 250 ml of sample 
through a glass fibre filter of known weight. The filter was then oven-dried and weighed to
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assess the amount of solids in the sample.
6.5.4. Results
A total of ten samples were taken on each day. These samples represented the raw water to 
each set of gravel prefilters (two samples), the filtered water from each gravel prefilter in both 
the dirty and clean sets of filters (six samples) and the inlet and outlet waters of the slow sand 
filter (two samples). Figure 42 and Figure 43 show the chlorine demand data against each 
filtration stage for the two study days.
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Figure 42 Chlorine demand of clean and dirty prefilter lines (week 1)
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The correlations presented in Figure 44 and Figure 45 show that there was not a good 
correlation between chlorine demand and turbidity or chlorine demand and suspended solids.
u  -------
Chlorine Demand (mg/l)
Figure 44 Correlation between chlorine demand and faecal coliform count for all sample
points
 -----  LLL
Chlorine Demand (mg/l)
Figure 45 Correlation between chlorine demand and turbidity for all sample points
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6.6. Disinfection Discussion
The multi-stage filtration water treatment system, comprising gravel prefilters and slow sand 
filters, together with terminal disinfection, complies with the multiple barrier concept of 
pathogen removal. The research showed that the reduction in chlorine demand across the 
combined prefilters/slow sand filter unit processes was very significant, in excess of 90%. In 
operational situations this could lead to significantly lower disinfection costs; in addition, the 
attenuation of pathogen peaks by the filtration processes could contribute to improved 
reliability.
In recent years there has been concern in the industrialised countries relating to the health risks 
posed by disinfection by-products (DBFs), particularly when chlorine is used as the 
disinfectant. There is still disagreement within the scientific community over the degree of risk 
posed by DBF’s, a significant body of opinion holds that the evidence is currently inadequate 
to establish the carcinogenicity of chlorinated drinking water (Craun, 1993). It is not 
practicable to compare chlorination and microbiological risks, although morbidity and 
mortality statistics from Latin American ministries of health suggest that the microbial risk is 
several orders of magnitude greater than chemical risk. Reduced chlorine demand would help 
reduce DBF formation by permitting lower chlorine doses, with the added potential for levels 
of DBF precursors to be reduced by adsorption & microbial utilisation processes within the 
multi-stage system.
6.6.1. Stel Cell Discussion
The tests show that the anolyte is an effective biocide. However, more extensive testing is 
needed to assess whether there are any advantages in using the Stel over conventional 
chlorination, since chlorination can be simpler and more reliable. The high FAC 
concentrations which can be achieved by the Stel (>220mg/l) offer considerable disinfection 
capability. It has been previously reported that the biocidal activity of an anolyte solution 
reduces with time and, when measured in terms of FAC reduction, suffers a 25% loss after a 
48 hour period (Temperley, 1995). The losses recorded in the test programmes were somewhat 
lower with a 16% reduction over 12 days for a 220mg/l anolyte solution. The Stel produced a 
steady increase in FAC concentration immediately on powering-up. Feak concentration was 
achieved after 15 minutes of operation.
Superchlorination is often practised in water treatment, typically using hypochlorite solutions 
in developing world applications. When considered on a measure for measure basis (i.e. 
approximately 5mg/l FAC) the anolite solution was a more effective disinfectant than 
hypochlorite (HTH solution) alone. This is consistent with recent findings (Reiff, 1996) which 
suggest an equal or greater capability for mixed oxidants over that achieved by chlorination at 
similar doses.
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The results indicate that other biocides remain active for the test period and that hypochlorous 
acid was not solely responsible for the reduction in faecal coliform levels. The presence of 
peroxydisulphuric acid, peroxydicarbonate and ozone, that are assumed to exist for a short 
time after dosing (but at very low concentrations) probably contribute to the inactivation of 
microbial organisms. However, it is likely that the main active components of the anolyte 
solution are the hypochlorous acid and hypochlorite ions with sodium hydroxide comprising 
the main component of the catholyte solution.
Apart from the relatively high technology and long term reliability issues, the need for pure 
feed water for making up the brine solution, a power supply and the need for periodic flushing 
with acetic acid, mitigate against the use of the Stel in emergency and poor developing country 
situations. However, in common with other electrolytic methods for generating chlorine and 
associated compounds, it offers the potential advantages of raw material requirements being 
limited primarily to salt supplies and disinfection via the use of mixed oxidants.
6.6.2. Pre-filter Discussion
The chlorine demand was reduced considerably by the first gravel prefilter for both the dirty 
and clean sets of prefilters on the first study day. The raw water chlorine demand was much 
less one week later, which corresponds to a lower percentage reduction across the prefilters. 
On both days, and for both sets of filters, the reduction in chlorine demand across the second 
and third gravel prefilters was small. An increase in chlorine demand was recorded across the 
second and third prefilters of the clean set on the first study day, probably due to fine particles 
being washed from the new media. There was a noticeable decrease in chlorine demand across 
the slow sand filter on both study days.
The first gravel prefilter appeared to have the most significant effect on the reduction of 
chlorine demand, with only a small reduction carried out by the second and third prefilters. 
The slow sand filter reduced the chlorine demand further. This finding supports the hypothesis 
that different treatment mechanisms are dominant in slow sand filters compared with gravel 
prefilters.
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Section 7
Prefilter Construction at Dennery, St. Lucia
7.1. Dennery Water Treatment Works
St. Lucia is one of the Windward Islands, situated in the Lesser Antilles. A population of 
approximately 145,000 inhabits its 619 sq. kilometres. Castries, the capital of St. Lucia is 
situated in the north-west of the island and supports about 45% of the total population. The 
remainder of the inhabitants is dispersed among the four towns and seven villages that line the 
tropical Caribbean and Atlantic coastlines.
The economy of the island relies greatly on the tourist industry, with the main source of 
agricultural income originating from banana crops. The increase in tourism has put extra 
pressure on the Water And Sewerage Authority (WASA), whilst levels of contaminants in 
surface water sources has increased due to poor agriculture practices.
The geological origins of the island are volcanic, resulting in an undulating topography of 
mountains with only 20% of the total land surface being flat. Although the wet season is 
typically between July and October, storms may occur throughout the year. Like other 
Caribbean Islands, tropical storms and hurricanes often cause landslides and flooding, 
resulting in high mean raw water turbidities with excessive peaks and high suspended solids 
loadings during extreme rainfall events.
Surface waters form the vast majority of raw water sources for potable supplies. The average 
annual rainfall is approximately 2534 mm, however, due to the increasing population and poor 
agricultural practices, problems associated with water supply are increasing. There is a risk 
that the effects of deforestation and agricultural activities within catchment areas will result in 
a reduction in the quality of the raw water abstracted for treatment.
Dennery is situated on the East coast of St. Lucia and is the largest village in the Mabouya 
district. A survey carried out for WASA in 1980 estimated the population of Dennery to be 
6000 with a daily per capita demand of 100 litres/head/day (600m^/day total plant demand). 
All of the five slow sand filter water treatment works of St. Lucia are located in the Southern 
region of the island and were covered in a consultancy report written by Farrage (1981) on 
behalf of Wessex Water Authority. This report identified the main problems of water supply
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to be attributed to hydraulics, resulting in unreliable continuity and quality of the raw water. 
Farrage’s report also recommended the construction of a new treatment works for the town of 
Dennery.
Bearing in mind the recommendations of Farrage and Dennery s’ long water supply history, 
Dennery was selected for a study programme, managed by Mr. R Eudovique, Production and 
Treatment Engineer of WASA (Eudovique, 1992). A new plant was built and commissioned 
in 1987 with the study programme commencing at the beginning of 1989.
The abstraction point that supplied the 1967 plant was retained for the new treatment works. 
The intake is sited at an elevation of approximately 98m above sea level, being about 23m 
above the newly constructed treatment plant. Some modifications were carried out at the 
intake. Firstly the dam needed to be heightened due to the increase in demand and secondly a 
flush out valve was required due to the anticipation of greater quantities of sediment due to the 
increased dam level and the effects of banana cultivation in the upper catchment zone. The 
abstracted water is transported to the works via a 150 mm pipeline covering a distance of 
approximately 3 miles.
The plant constructed in 1987 comprised an upflow sedimenter with a retention time of 
approximately 38 minutes, leading onto two slow sand filters operated in parallel. The 
effluent of the slow sand filters supplied a clear well where disinfection by chlorine tablets 
took place. Improvements and interventions at the treatment works in recent years have 
provided the opportunity to evaluate improvements in the light of developing research ideas 
and operational procedures. Improvement works were phased in order to minimise the 
disruption to the community’s supply. A summary of the major modifications carried out to 
Dennery water treatment works is given in Table 15.
PFl was originally designed as a sedimentation chamber. In 1989 it was decided to convert 
the sedimenter into an upflow prefilter. Modifications were carried out on the tank, which 
included the filling of the inlet chamber with concrete and altering the outlet design. PF2’s 
design was similar to the modified PFl, although increased loading surface area was achieved 
by the removal of the inlet chamber. The underdrain design of PF2 was also modified by 
sloping the floor towards the central outlet pipe.
It was speculated that, by reducing the flow rate through the existing prefilters, an 
improvement in their effluent quality might be attained. The filtration rates through PFl and 
PF2 were 1.4 m^/m^h and 1.3 m^/m^h respectively. A third upflow prefilter was designed and 
built in March 1995, with the aim of reducing flow rates through the existing two prefilters to 
improve plant performance. The design incorporated an underdrain cavity, based on the 
Shalford prefilters. This design was chosen due to the good performance of the Shalford 
prefilters. The third prefilter was built in parallel with the existing prefilters, reducing the 
mean loading on the prefilters to approximately lm ^/m \.
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Table 15 Modifications to Denneiy water treatment works, 1987 - 1992
Date Activity
Feb 1987 Preliminary Activities
Slow Sand Filter 2 commissioned
Jan - July 1987 Gravel Prefilter introduced at inlet chamber
Preliminary raw water study commenced
Jan - Feb 1989 Phase 1
Upflow Prefilter 1 constructed: deep gravel bed under sand
March - Dec 1989 Evaluation of SSFl and PFl: flow rates 3.3m^ /m^ /hr and 0.24m /^m /^hr
respectively
Dec 1989 Phase 2
SSF flow control chambers constructed
Jan - Nov 1990 Evaluation of SSFl and PFl
Dec 1990 Phase 3
Upflow Prefilter 2 constructed
Jan - May 1991 Evaluation of SSFl, SSF2, PFl and PF2
Jan - July 1991 Phase 4
Sand in SSFs replaced with local Dennery sand
Aug 1991 PFs covered with gravel to prevent contamination by birds bathing
Aug 1991 - May 1992 Evaluation of completed project and interventions
7.2. New Raised Floor Upflow Gravel Prefllter Design
The existing prefilters (PFl and PF2) were designed and constructed by WASA in 1989 and 
1990 respectively. The same general precast concrete blockwork tank design was used for the 
construction of the third prefilter (PF3). Since the prefilter effluent outlet was to be situated 
opposite the raw water inlet and site space was limited, the inlet of PF3 had to be constructed 
along the longer North-facing wall, unlike PFs 1 and 2. This was a minor disadvantage, 
resulting in a slight loss of available loading area. However, this design was considered 
preferable, in order to minimise the possibility of tracking occurring through the bed.
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Plate 17 Building of the third upflow prefilter at Dennery WTW, showing existing two 
prefilters in background and use of local materials for construction
Research carried out on the pilot plant at Shalford had shown that shallow upflow prefilters, 
designed and constructed with raised floors, had achieved long filter runs and were amenable 
to cleaning by rapid draindown. A similar type of raised floor was designed for the new 
prefilter constructed at Dennery, incorporating slotted precast concrete underdrain slabs 
supported by short concrete columns. A 70mm concrete ledge, of height 300mm, was 
constructed around the inner face of the prefilter tank. This ledge acted as a perimeter support 
for the underdrain slabs. One final modification to the prefilter design was the slight crossfall 
across the prefilter floor to the washout pipe to assist cleaning and minimise pooling.
The external dimensions of the new prefilter tank were to correspond to the two existing 
prefilter tanks already constructed at Dennery. Revised WASA drawings gave the internal 
dimensions of the tank as 9’7” by 14’8” (2921 mm by 4470.4 mm) giving 4 by 7 slabs of 714 
X 622mm (Figure 46.). The underdrain slab was designed for a loading of 1.5m depth of wet 
gravel of 10 to 15mm nominal size. For ease of construction a simple arrangement of 
reinforcement bars was adopted. Four 12mm bars were bent into right angles for each slab, 
and connected to form an “outer” rectangle of reinforcement; 8mm bars were then bent into 
‘S’ shapes and fixed to the top of the 12mm rectangular frame. Details of slab reinforcement 
are given in Figure 47. It was anticipated that all construction work and handling of slabs was 
likely to be carried out manually, hence extra allowance was made for design safety.
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Figure 46. Dennery prefilter- underdrain slab
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Figure 47. Dennery prefilter - underdrain slab reinforcement details
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It took two working days to build four sets of formwork for the underdrain slabs. The 
dovetailed struts, used to form the slots in the concrete slabs, were permanently screwed onto a 
formwork baseboard. The timber forming the sides of the formwork were bolted in place to 
allow for their separate removal during the striking out of the underdrain slabs.
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All dimensions in mm, drawing not to scale
Figure 48. Dennery prefilter- underdrain slab shuttering
A rich concrete mix was specified for the underdrain slabs (1:2:3 water: concrete: aggregate) 
and the aggregate used was of nominal 10 mm diameter. The formwork was varnished and 
before each casting generously coated with releasing oil. Concrete was poured into the 
formwork to a predetermined depth indicated by markings made on the edge struts (marked at 
a depth of 30mm from base of the formwork). After the first layer had been sufficiently 
tamped the steel reinforcement bars were placed and worked into the concrete, the formwork 
was then filled flush to the top of the wooden struts with the remainder of the concrete, tamped 
and finished off.
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Plate 18 Casting of underdrain slabs, showing prepared shuttering, reinforcement bars and
placing of concrete
The shuttering was struck after three days for the majority of the slabs, after which time they 
were stored in the shade until the new prefilter tank had been completed. The newly poured 
slabs were kept damp for a minimum of one to two days, depending on the time of pouring and 
weather conditions. The method for striking the shuttering consisted of first removing the 
edge struts, then resting the slab vertically on a wooded block, while a thin length of wood was 
placed across the top of the dove-tailed struts and gently hammered to release the struts from 
the concrete slab.
Construction of the raised prefilter floor was completed with site support from the research 
team. Tolerances of approximately 10 to 15mm all around facilitated the placing of the 
underdrain slabs. The concrete columns, which supported the underdrain slabs, were made by 
cutting 225mm diameter PVC pipes into lengths of 600mm. These were then filled with mass 
concrete (Plate 19). Thanks to the skill of the Dennery Team the overall standard of 
construction was good, despite variable materials quality, whilst the use of local methods of 
construction minimised costs.
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Plate 19 Concrete columns to support underdrain slabs
7.3. Prefilter Operation and Performance
The new raised floor prefilter is a durable structure, has favorable operational characteristics 
and can be efficiently cleaned by rapid draindown. However, the Dennery prefilters 
performance has been disappointing, with little recorded improvement through any of the 
three prefilters. The typical raw water turbidity was less than 5NTU with occasional sharp 
peaks of up to 70NTU, WASA data for the period 5^  ^March to 11^  ^December 1998 indicated 
a mean turbidity removal across the prefilters of between 7% and 9%. The difficulty of 
sampling and measuring low turbidities (say < 5NTU) without disturbing particulates, and 
hence affecting readings, is recognised. The only indication of significant performance related 
to a sharp raw water peak of 68NTU, which was reduced to 46NTU through the new prefilter. 
The raw water supply to the Dennery works is characterised by the presence of fine ‘colloidal’ 
turbidity and low nutrient levels. Although further research work is needed to establish the 
performance of the system under controlled conditions, the potential limitation of multi-stage 
filtration to deal with a difficult raw water must be countenanced. It is recommended that pilot 
plant studies are completed before a decision is taken to adopt multi-stage filtration.
The fact that a reliable assessment of the performance of the pretreatment system at Dennery
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WTW was not possible within the duration of the project raises many important points. 
Firstly, it suggests an absence of routine monitoring and plant performance control, it is 
imperative that adequate supervision and plant control is achieved. Plant Operators should be 
trained to an adequate standard and daily records made of appropriate operational data. In 
addition, a structured daily-weekly-monthly monitoring programme should be implemented to 
provide support to the Process Managers. Although gravel prefilters and slow sand filters are 
essentially safe and reliable water treatment processes they are not immune to performance 
and operational problems.
The need to control flow rates through the system is of paramount importance, in order to 
avoid the disturbance of deposited material and the transport of pathogens and contaminants 
deeper into the bed, even to the point of breakthrough. Plant Records must be kept detailing 
cleaning times, flow rates, water quality at sampling points and problems arising.
Guidance was requested concerning the optimum frequency of prefilter cleaning. In the 
absence of specific operational site experience, recommendations were made to the effect that 
cleaning should be weekly if effluent turbidities are less than 10 NTU and every 2 to 3 days if 
turbidities grossly exceed this value. Cleaning frequencies can be further reduced if enhanced 
prefilter performance is observed and if the cleaning technique used is proving effective 
enough to prevent blocking of the filters within typical run times.
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Section 8
Overview of Multi-stage Filtration
There is a recognition that terminal disinfection systems in the developing world are 
vulnerable to breakdown, unavailability of chemicals, operational shortcomings and poor 
water quality.
The levels of biological treatment achieved in properly operated gravel prefilters and slow 
sand filters ensure that the multi-stage system, preferably with terminal disinfection, complies 
with the multiple barrier concept of pathogen removal; pathogens being removed or 
inactivated in all stages of the system. In addition, the improvement of water quality in the 
multiple prefilters and slow sand filter can reduce the demand on terminal disinfection and 
make the system more reliable. Should one of the unit processes fail, the remaining units 
provide a degree of protection against water borne disease.
In addition to long term monitoring, which was used to establish broad treatment capabilities, 
physical, chemical and microbial dosing was carried out periodically, during both Phases of 
the research, to establish specific performance characteristics. Phase 1 of this research was 
designed to assess the effectiveness and long term reliability of shallow depth fabric enhanced 
slow sand filters. These proved to have reliable performance characteristics and confirmed that 
shallow beds are able to offer significant levels of microbiological and physical performance.
The downflow gravel prefilters used during Phase 1 gave an indication of the effectiveness of 
prefilters but had a number of shortcomings, particularly in the operation of the perforated 
pipe underdrains. Accordingly, shallow upflow gravel prefilters with raised floors were 
adopted for Phase 2 at Shalford water treatment works. The Phase 2 works investigated both 
the long term performance of a multi-stage system as well as examining specific scientific 
features of physical, chemical and microbiological removal. The prefilters proved to be 
remarkably robust and consistently achieved significant levels of physical and microbial 
treatment, although chemical treatment was limited and inconsistent.
A range of tests were carried out during Phase 2 to assess slow sand filter performance. A 
fabric only filter was also tested to extend knowledge of the performance and potential 
applications offered by fabrics. To assess practical construction and operational factors a full- 
scale, raised floor upflow prefilter was constructed at Dennery, St. Lucia, with the 
collaboration of the Water and Sewerage Authority (WASA).
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A summary of the factors associated with multi-stage filtration is provided in the following 
tables. However, it must be stressed that it is essential to support "design work" by 
constructing and operating a pilot plant to determine long term performance with seasonal 
variations in raw water quality.
Table 16 Upflow Gravel Prefilters
Performance 
Feature or 
Characteristic
Description Comments
Media Grading Lead or first filter 40mm 
nominal B.S. Grading 
Second filter 20mm nominal 
B.S. Grading
Third and subsequent filters 
10mm nominal B.S. Grading
Establish local requirements by running pilot 
plant studies. Use gradings as a broad guide. 
If urgent need exists ~ start with 3 prefilters 
and establish performance during on-line 
working.
Number of 
Filters
Prefilters in series 
recommended
As many as necessary to reduce turbidity in 
slow sand filter supernatant to a mean level of 
<10NTU. Number determined by levels of 
turbidity sustained over time of seasonal 
peaks. Test by conducting pilot plant studies 
to establish acceptable operational features. 
Research carried out with three prefilters in 
series. Multiple prefilters are more effective 
than a single unit of the same aggregate 
depth.
Depth of 
Prefilter Media
0.5m in pilot plant, 1.2-1.5 
metres recommended for full 
scale applications.
Cover filters if a depth of water is required 
above the top of the media. (Can provide 
favourable settling conditions on leadfdter.)
Media Material Synthetic or natural media 
appropriate for prefilter 
applications.
Any hard, clean material which is inert in 
water and does not dissolve is suitable as 
media. Natural flint or limestone gravel ideal, 
if a natural material is not available can use 
synthetic alternative.
Prefilter 
Loading Rate
0.6 to l.Om^m'^h"^ typical 
range.
The loading rate is best determined in the 
light of local circumstances. The lowest rate 
recommended as a basis for design.
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Table 16 Upflow Gravel Prefilters
Performance 
Feature or 
Characteristic
Description Comments
Duration of 
Prefilter Runs
Run time determined by ease 
of cleaning operations and 
not headloss.
Run times are related to the suspended solids 
loading in the raw water and its 
characteristics. With raw water turbidity in 
the order of 100-200NTU the optimum length 
of filter runs between temporary 1-2 hour 
stops for cleaning were considered to be 4-10 
days, much longer runs between cleaning 
were possible with high quality raw water. 
The overall run length before the bed requires 
re-construction is very much longer. 
Experimental prefilters ran for >18 months 
with very infrequent cleaning.
Prefilter
Physical
Performance
Typically 30-45% reduction 
of turbidity in each prefilter 
unit.
The progressive removal of particles (<l|Lim 
& upwards) was achieved. A feature of the 
prefilters was the manner in which sharp 
turbidity peaks were attenuated to protect 
downstream slow sand filters. Load sharing 
occurs between multiple prefilters in series & 
varies with time. Some very fine colloids can 
resist removal in a multi-stage system, 
potentially leading to a breaking of the 
turbidity quality standard. Optimum 
operational control can alleviate the problem.
Prefilter
Chemical
Performance
Under certain conditions some Research showed evidence of 2-4-D and 
removal of herbicides etc. MCPA reduction (17% in prefilters), removal 
possible. thought to occur either as a result of
adsorption on biofilm or utilisation as 
substrate. Unreliable chemical removal in 
time shown by slow sand filters.
Prefilter
Microbiological
Performance
Prefilters achieve significant 
level of microbiological 
treatment, say 80 - 90% 
overall removal of bacteria 
and virus levels in a 3  ^
prefilter series.
Research confirmed progressive removal of 
faecal coliform and virus (bacteriophage) of 
typically 50,40 & 30%, for 40,20 and 10mm 
nominal media prefilters respectively. Most 
importantly, the prefilters contribute to the 
attenuation of sudden peaks to the advantage 
of downstream slow sand filters. Some 
removal of all types of microbial 
contamination is probable. Macro-biological 
creatures inhabit the coarser prefilters and are 
thought to contribute to the sloughing off of 
deposited material/biofilm.
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Table 16 Upflow Gravel Prefilters
Performance 
Feature or 
Characteristic
Description Comments
Prefilter
Cleaning
Cleaning hy rapid 
draindown. Mean draindown 
velocity of >0.5m/min 
recommended; 1 - 1.5m/min 
optimum range.
Deposited material in the experimental 
prefilters is generally bio-active. This affects 
its physical characteristics and can make the 
deposited material amenable to removal at 
lower draindown velocities. Approximate 
design guide 1 No. 150mm valve/m^ media. 
Raised floor contributes to effectiveness of 
cleaning operations.
Filtration
Theory
Filtration theory not readily Bio-growth in the voids does not support the 
applied to bio-active use of phenomenological or trajectory 
prefilters. filtration theory as a basis for design.
Although of limited use, Iwasaki’s equation 
may offer a means for assessing the long term 
performance characteristics of individual 
prefilters (equation of the form 
y = a - bx and predetermined minimum y 
value).
Filtration
Mechanisms
Sedimentation and 
diffusion important 
mechanisms for particle 
deposition.
Research confirmed that sedimentation and 
diffusion are important mechanisms in 
prefilters for coarser and <l-2pm particles 
respectively. In keeping with broad 
implications of filtration theory.
Prefilter
Construction
Local construction 
methods can be utilised.
Random stone, brickwork, blockwork, mass 
concrete and reinforced concrete can all be 
used to construct prefilter units. Details of 
floor slab units are included in the Research 
Report. A raised floor upflow prefilter 
constructed in Dennery, St. Lucia, as part of 
the research project has proved to be a 
durable and reliable unit process.
Cleaning of 
Media
The prefilter media will 
require cleaning from time 
to time (typically once or 
twice a year with moderately 
turbid raw water).
The prefilter will need to be taken out of 
operation for cleaning from time to time. The 
optimum timing of filter cleaning and 
reconstruction will be determined by local 
circumstances. Floor slabs can be raised to 
allow the underfloor space to be "de-silted". 
Media can be washed by hand or with the 
support of a concrete mixer and hose supply 
etc. Wastewater from this process is 
biologically active and should be disposed of 
in an appropriate manner.
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Table 17 Fabric Enhanced Slow Sand Filters and Fabric Only Filters
Performance 
Feature or 
Characteristic
Description Comments
Sand Grading Sand quality is important 
although the grading is not 
critical. Recommended 
effective size of sand 0.15 to 
0.6mm and uniformity 
coefficient of 2.
Ideally the sand should be a clean, "sharp" sand, 
entirely free of material which will dissolve in the 
water flow (beware "coral" sand or crude, 
unwashed deposits in volcanic areas). Research 
was carried out using a sharp sand for which 60% 
passed a 0.6mm sieve and 10% a 0.3mm sieve.
Fabric
Enhancement
Needle felted geotextile 
fabrics were used to enhance 
the slow sand filters.
The fabrics used for the research were needle 
felted polypropylene geotextiles which had a 
calculated porosity of 0.9 and a specific surface 
area of approximately 13000m /^m .^ Six layers of 
fabric (approx. depth 19.2mm) were used to 
enhance the sand filters. Gas production within the 
fabrics, due to the activities of algae or bacteria, 
necessitate fixing the fabrics down in a secure 
manner.
Depth of Slow 
Sand Filters
Sand filter beds of 500, 300 
and 100mm were used in 
parallel units for the research 
project.
Although 500mm is recommended as a minimum 
depth for a slow sand filter bed, the performance of 
the 300mm depth fabric enhanced slow sand filter 
was adequate for influents with relatively low 
microbiological contamination. The performance 
of the 100mm depth filter was markedly inferior to 
that of the other two units.
Fabric Only 
Filter
Fabric Only Filter comprised The fabric only filter achieved a 70-80% removal 
12 layers of geotextile fabric of both turbidity and faecal coliform levels, 
with a total mean depth of although relatively low overall loadings were 
38.4mm recorded during this element of the research
project.
Fabric Enhanced 
Slow sand Filter 
Loading Rate.
0.1 - 0.2m^m‘ b^'^  typical 
range.
Loading rate is best determined in the light of 
local circumstances, research work was conducted 
utilising 0.15m/h (m^ m'^ h'^ ). Lowest rate 
recommended as a basis for design.
Duration of 
Fabric Enhanced 
Slow Sand Filter 
Runs.
Run time determined by 
recorded headloss
Run time is determined by headloss over the sand/ 
fabric bed and is related to the suspended solids 
loading in the raw water and its characteristics. 
With supernatant raw water turbidity in the order 
of 5 -lONTU typical filter runs of 40 -lOOdays 
were achieved.
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Table 17 Fabric Enhanced Slow Sand Filters and Fabric Only Filters
Performance 
Feature or 
Characteristic
Description Comments
Fabric Enhanced 
Slow Sand Filter 
Physical 
Performance
Typically >90% reduction of 
turbidity in 300 and 500mm 
deep slow sand filters.
Particles in the size range <lpm upwards were 
removed. Although supernatant turbidity was 
generally below lONTU for the research work, 
sharp peaks of up to 80NTU were experienced for 
a few days within the overall filter run period. In 
addition, the multi-stage system was dosed with 
kaolin to establish it’s reaction to sharp turbidity 
peaks, the fabrics ensured that the sand filters did 
not block by straining. Suspended solids and 
particle size monitoring confirmed the overall 
physical treatment contribution of the fabric 
enhanced slow sand filters. Product water 
complied with the WHO turbidity standard.
Fabric Enhanced 
Slow Sand Filter 
Chemical 
Performance
Under certain conditions some 
removal of herbicides etc. 
possible.
Research showed high level of 2-4-D and MCPA 
reduction (>90%) during a particular test sequence, 
removal was not due to adsorption on the sand but 
mainly herbicide utilisation as a substrate. 
However, seasonal changes in removal (down to 
only a few percent) occurred and could not be 
relied upon to provide treated water of a given 
quality.
Fabric Enhanced 
Slow Sand Filter 
Microbiological 
Performance
Fabric enhanced slow sand 
filters achieve high levels of 
microbiological treatment.
Research confirmed that fabric enhanced slow 
sand filters are able to sustain high levels (>99%) 
of biological treatment. Faecal coliform removal 
was monitored routinely and challenges with 
viruses (bacteriophage and attenuated Polio virus) 
and protozoa (Cryptosporidium spp.) carried out. 
Combined particulate (kaolin) and virus 
(Bacteriophage of Serratia Marcescens) tests were 
also completed. The filter skin or schmutzdecke of 
conventional slow sand filters is effectively 
dispersed in the fabric layers and biological 
activity takes place in the fabrics and the upper 
levels of the sand (say 200-250mm). Product water 
generally complied with WHO standards.
Fabric
Enhanced Slow 
Sand Filter 
Cleaning
Cleaning generally comprised 
washing the fabrics, bed 
reconstruction was carried out 
infrequently.
Cleaning was achieved by simply brushing the 
individual fabrics whilst simultaneously hosing 
them with water. Deposited material was 
effectively removed and fabrics re-used, the 
durability of the fabrics was good and "wear" was 
not an operational problem.
Filtration Theory Filtration theory not readily Bio-growth in the voids does not support the use of
applied to bio-active slow sand phenomenological or trajectory filtration theory as 
filters. basis for design.
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Table 17 Fabric Enhanced Slow Sand Filters and Fabric Only Filters
Performance 
Feature or 
Characteristic
Description Comments
Filtration
Mechanisms
Sedimentation and diffusion
are important mechanisms for 
particle deposition.
Research confirmed that sedimentation and 
diffusion are important mechanisms in keeping 
with broad implications of filtration theory.
Fabric Enhanced 
Slow Sand Filter 
Construction
Local construction methods
can be used.
Random stone, brickwork, blockwork, mass 
concrete and reinforced concrete can all be used to 
construct slow sand filter units. A raised floor 
underdrain with a filter support of shingle is 
recommended. Provision for anchoring down the 
fabric and its retaining mesh will be necessary.
Cleaning of Sand The sand will require cleaning 
from time to time (typically 
once or twice a year with 
moderately turbid raw water).
As with the prefilters, the fabric enhanced slow 
sand filters will need to be taken out of operation 
for cleaning from time to time, determined by head 
loss or microbial penetration. Floor slabs can be
raised to allow the underfloor space to be "de­
silted". Sand can be washed by hand or with the 
support of a drum (concrete) mixer and hose 
supply. Wastewater is biologically active and 
should be disposed of in an appropriate manner.
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Section 9
Conclusions
Multi-stage filtration, comprising media prefilters and slow sand filters, is perceived as 
offering a reliable surface water treatment system for small communities in the developing 
world.
Multi-stage filtration complies with the multiple barrier concept of pathogen removal.
With a raw water source of reasonable quality, multi-stage filtration can produce potable 
water which complies with WHO water quality standards.
The multi-stage system requires only simple maintenance, upflow prefilter cleaning is 
achieved by rapid draindown of the units and the fabric enhanced slow sand filters require 
only fabric washing for routine cleaning. Full reconstruction of prefilters and enhanced 
slow sand filters requires only simple operational support.
Prefllter loading rates in the range 0.6 to 1.0 m^m'^h"  ^ are appropriate.
Slow sand filter loading rates in the range 0.1 to 0.2m^m‘^ h‘  ^ are appropriate.
Fabric enhancement of slow sand filters protects against blocking by straining when short 
suspended solids peaks lead to high supernatant turbidity levels.
Prefilters in series attenuate peaks in physical and microbiological loadings on the slow 
sand filters.
Particulate removal in the prefilters is progressive with particles down to the lower 
detection limit of 0.5fim size being intercepted.
Although from time to time removal of herbicides and other chemical contamination may 
take place within the multi-stage system, the process of removal is not reliable and should 
not be countenanced as a design criteria.
Terminal disinfection is recommended for use with the multi-stage system. The intensive 
filtration of raw waters in the multi-stage system generally makes them more amenable to 
disinfection, reducing the demand for chemical disinfectants.
The results of pilot plant studies are necessary to optimise the design of multi-stage 
filtration treatment systems.
Structured maintenance procedures, water quality monitoring and operational records are 
necessary for sustaining multi-stage filtration in an effective manner.
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Appendix A Surbiton faecal coliform counts
Table 18 Surbiton faecal coliform counts (colony forming units/100ml sample)
Run
No.
Run time 
(days) Raw PFl PF2 PF3 SSFA SSFB SSFC
1 4 335 173 68 58 6 14 1
6 110 90 29 12 0 1 0
11 670 495 255 21 1 1 1
1 740 575 224 108 36 12 19
2 3 710 310 161 84 9 4 6
5 680 170 91 27 2 0 1
7 1770 535 177 71 2 0 1
9 850 137 102 40 1 0 0
11 920 272 165 31 0 0 0
12 455 77 66 11 2 0 0
17 400 187 51 24 1 1 0
20 1325 485 229 77 2 1 1
22 755 200 74 21 0 1 0
26 2210 390 29 15 0 0 0
28 2200 415 64 24 0 0 0
30 800 328 31 6 0 0 0
35 340 110 74 12 1 0 0
37 390 75 16 3 0 0 0
39 250 40 20 1 0 0 0
41 115 5 3 3 3 0 0
43 220 28 25 12 0 0 0
45 330 95 57 10 1 0 0
47 175 65 38 15 0 0 1
49 670 450 260 130 1 0 1
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Table 18 Surbiton faecal coliform counts (colony forming units/100ml sample)
Run
No.
Run time 
(days) Raw PFl PF2 PF3 SSFA SSFB SSFC
51 100 15 18 10 0 0 0
55 305 166 46 36 149 30 4
57 130 60 32 14 0 0 0
61 145 52 23 54 1 1 0
66 56 47 31 0 0 0 0
80 710 600 390 130 0 1 2
82 6000 5000 2100 700 41 7 24
83 2100 1100 550 222 11 6 11
85 510 442 217 102 2 1 1
90 430 360 192 81 1 1 1
92 420 330 146 46 1 0 1
96 340 326 165 73 1 1 0
103 235 161 90 36 2 0 1
108 380 296 155 68 1 1 1
111 360 309 148 65 2 1 2
115 330 273 112 62 2 1 end
118 270 212 92 65 1 1 SSFC
121 280 216 123 56 1 1 run
124 170 144 98 45 2 1
126 185 145 97 67 3 2
128 665 267 265 112 6 4
129 1390 975 565 318 7 7
131 2625 2233 1635 879 11 7
132 2505 1760 1125 665 6 5
134 1755 1425 1100 334 5 5
136 448 376 331 127 3 1
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Table 18 Surbiton faecal coliform counts (colony forming units/100ml sample)
Run
No.
Run time 
(days) Raw PFl PF2 PF3 SSFA SSFB SSFC
137 258 194 100 65 2 2
140 336 255 134 51 4 2
3 3 335 265 123 91 9 1 12
5 1000 168 87 43 7 2 1
7 30 25 17 0 0 2 1
10 265 212 98 88 0 1 0
13 366 267 145 78 1 1 0
15 700 345 143 84 1 1 1
18 850 388 155 102 0 0 0
4 5 1950 805 630 220 5 3 4
7 2600 785 470 116 1 3 1
9 2470 770 630 180 1 3 1
13 1040 660 400 117 1 1 2
5 5 175 72 30 12 8 4 7
7 220 50 31 14 7 7 5
9 290 20 33 16 7 9 1
11 160 36 25 11 2 3 2
13 150 62 25 14 1 2 1
15 1100 320 156 86 4 1 2
16 1140 267 142 72 8 2 0
20 2100 310 176 88 2 2 1
26 1480 344 206 66 2 2 1
30 980 228 164 56 1 2 3
34 1200 440 126 67 2 2 1
6 4 440 236 118 73 12 8 8
8 338 224 102 66 8 8 5
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Table 18 Surbiton faecal coliform counts (colony forming units/100ml sample)
Run
No.
Run time 
(days) Raw PFl PF2 PF3 SSFA SSFB SSFC
11 127 100 87 32 4 5 3
19 86 67 29 18 1 1 0
23 295 236 155 32 7 6 2
29 346 276 166 54 5 4 2
7 1 0 not sampled 5 0 0 10
3 0 8 0 0 0
6 0 0 0 0 0
8 0 0 0 0 0
10 0 8 0 0 0
17 0 22 7 23 9
21 100 110 0 0 4
23 150 130 0 0 0
28 145 85 0 0 0
30 10 18 0 0 0
35 10 25 end SSF run
8 1 250 250 206 185 45 13 4
9 804 512 201 86 0 0 0
11 946 527 204 61 2 0 0
18 212 40 0 7 0 0 0
23 504 314 230 86 10 6 4
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Appendix B Surbiton Turbidity Results
Table 19 Surbiton turbidity results (NTU)
Run No. Run time (days) Raw PFl PF2 PF3 SSFA SSFB SSFC
1 12 6 5 4.8 2 0.45 0.4 0.4
2 1 3.9 2.7 2.4 2 1.1 0.9 0.6
6 3.7 2.4 1.7 1.1 0.72 0.28 0.24
7 3.9 2 1.7 1 0.5 0.32 0.26
8 3.6 2.2 1.7 0.95 0.45 0.4 0.47
11 3.25 2 1.5 0.75 0.5 0.4 0.3
12 3.2 2 1.4 0.72 0.48 0.4 0.3
13 3.5 1.6 1.1 0.7 0.45 0.27 0.27
18 2.8 1.2 0.71 0.48 0.29 0.28 0.28
20 3.5 2 1.6 0.75 0.3 0.28 0.25
21 4.3 1.75 0.83 0.52 0.3 0.5 0.24
23 3.4 1.8 1.2 0.74 0.23 0.28 0.18
26 3 1 0.8 0.78 0.32 0.3 0.2
29 2.9 0.8 0.68 0.57 0.28 0.27 0.21
30 3.8 0.85 0.75 0.6 0.46 0.28 0.22
32 2.1 1.2 0.8 1 0.35 0.34 0.24
34 2.2 1.4 1.1 0.54 0.42 0.28 0.32
35 1.4 1.3 0.92 0.48 0.28 0.32 0.37
36 2.4 1.2 0.78 0.86 0.35 0.28 0.24
39 2.5 1.6 1.2 0.8 0.6 0.6 0.32
41 2.5 1.5 1.2 0.64 0.75 0.34 0.34
43 2.5 1.3 1.3 1.2 0.8 0.5 0.4
47 1.9 1.2 0.87 0.65 0.53 0.24 0.4
48 2.4 1.2 1.2 0.7 0.42 0.45 0.5
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Table 19 Surbiton turbidity results
Run No. Run time (days) Raw PFl PF2 PF3 SSFA SSFB SSFC
50 3 2 1.7 1.7 0.7 0.6 0.56
55 2.5 1.8 0.62 0.42 0.18 0.15 0.12
56 2.7 1.5 0.8 0.47 0.27 0.22 0.18
60 1.3 0.87 0.6 0.37 0.2 0.23 0.2
61 1.4 0.9 0.58 0.41 0.22 0.2 0.2
66 1.3 0.9 0.6 0.42 0.22 0.2 0.2
68 0.72 0.79 0.5 0.36 0.2 0.2 0.15
71 0.92 0.84 0.5 0.32 0.2 0.2 0.16
76 1.1 0.76 0.5 0.3 0.21 0.2 0.15
80 3.6 2.2 2.1 1.3 0.21 0.22 0.18
83 3 2.5 1.7 0.53 0.26 0.3 0.23
90 1.5 1.1 0.72 0.42 0.31 0.26 0.22
91 1.7 1.1 0.7 0.5 0.4 0.25 0.25
92 1 0.95 0.63 0.45 0.25 0.24 0.24
96 1.25 1.1 0.73 0.5 0.3 0.3 0.25
102 1.27 1.1 0.75 0.51 0.3 0.28 0.25
111 1.1 0.93 0.71 0.46 0.25 0.24 0.22
115 5.3 3.2 3.2 1.6 0.25 0.25
126 8.6 6.4 3.3 2.3 0.33 0.35
134 22.6 11 7.5 4.2 0.35 0.3
140 10.1 8.9 5.4 3.7 0.34 0.28
3 5 2.5 2 1.8 1.3 0.8 0.35 0.35
7 3.2 2.1 1.9 1.3 0.3 0.4 0.35
11 3.8 2.5 1.9 1.3 0.4 0.25 0.16
12 3.8 2.1 1.7 1.3 0.55 0.3 0.18
13 1.9 1.7 1.4 1 0.28 0.15 0.11
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Table 19 Surbiton turbidity results
Run No. Run time (days) Raw PFl PF2 PF3 SSFA SSFB SSFC
16 2.1 1.6 0.9 0.8 0.22 0.17 0.14
17 8.2 5.6 4.9 2.9 0.28 0.15 0.22
18 20 9.5 7.1 5 0.95 0.34 0.27
20 5.2 5.2 4.9 2.2 11.3 0.15 0.14
4 3 120 21 11 10 2.1 1.2 0.9
7 147 31 18 14 1.5 1.6 1.3
8 150 28 17 14 1.6 1.5 1.3
9 27 22 11 10 1.4 1.5 1.1
15 25 12 5 4 1.1 1.2 0.95
5 5 4.6 3.3 3.1 2.3 0.43 0.33 0.36
7 5.1 3.3 3 2.4 0.37 0.28 0.29
11 5.4 3.8 2.8 2 0.34 0.27 0.32
13 7.6 6.7 5.5 2.1 0.29 0.37 0.38
15 10 7.2 6.7 4.6 0.32 0.3 0.26
16 8.4 5.2 4.4 4.3 0.28 0.37 0.57
26 12.1 6.2 5.3 4.9 0.27 0.29 0.33
30 43 24 16 13 0.64 0.57 0.45
34 93 33 22 16 1.2 1.4 0.97
6 8 64 25 11 9.2 3.2 4 2.5
19 18 11 8 7 0.81 0.75 0.25
29 48 32 18 12 2.3 1.9 0.92
7 1 3.2 not sampled 1.7 0.26 0.42 0.28
3 15.4 2.2 0.25 0.12 0.26
6 1 0.5 0.01 0.01 0.02
8 0.7 0.3 0.2 0.01 0.01
10 0.5 0.4 0.01 0.01 0.04
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Table 19 Surbiton turbidity results
Run No. Run time (days) Raw PFl PF2 PF3 SSFA SSFB SSFC
17 0.3 0.2 0.09 0.02 0.02
21 3.8 3.2 0.58 0.42 0.35
23 4.7 3.4 0.38 0.42 0.31
28 9.5 4 0.4 0.25 0.38
30 5.1 3 0.28 0.3 0.25
35 3.2 1.3
8 1 7.14 6.16 5.11 3.24 0.76 0.72 0.17
9 15.5 16.2 10.2 5.76 0.65 0.41 0.4
11 10.8 9.35 7.99 3.2 0.36 0.43 0.13
18 8.9 6.5 3.8 2.2 0.36 0.26 0.18
23 13.9 10.8 7.01 4.14 0.83 0.55 0.68
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Appendix C The standard (ISO) membrane fîltration method
In the analysis 500ml samples of raw (untreated) water and samples from the supernatant of 
each UPF were collected routinely and transported to the laboratory in an ice box for 
processing. Duplicate samples were taken, the volumes processed being dependent on the 
expected microbiological count.
Gelman vacuum apparatus was used and the filters employed were Gelman GN-6 of 47mm 
diameter with a 0.45pm pore size. Appropriate volumes or dilutions of sample were poured 
into the magnetic filter funnel which had been sterilised in a boiling water bath. Vacuum 
suction was then applied until the entire sample had passed through the filter. The filter funnel 
was then rinsed with sterile Ringer Solution (Code: BR52, Oxoid, Unipath Ltd., Basingstoke) 
in order to wash any remaining bacteria from the sides of the funnel. The vacuum was applied 
again, and when filtration was complete, the funnels were removed for re-sterilisation, whilst 
the membrane filters were placed into 50mm sterile plastic petri dishes (Sterilin, Catalogue 
No. 122). These dishes already contained 45mm cellulose pads which had been saturated with 
Membrane Lauryl Sulphate Broth (Code: MM615, Oxoid, Unipath Ltd., Basingstoke). Lids 
were labelled clearly and the dishes were placed into humid chambers and allowed to 
resuscitate at room temperature for one hour before being placed in the incubator.
The method used is the same for both faecal (thermotolerant) coliform and total coliform 
investigations; the only difference being the incubation temperature - 44.5°C for faecal 
colifoims and 37°C for total coliforms. Incubation is overnight (optimum time 16 hours) and 
yellow colonies of size > 1mm only are counted. Counts are then recorded as colony forming 
units (cfu) per 100ml. If smaller volumes have been processed, then the counts must be 
multiplied in order to express the counts in a similar manner. Results were presented (cfu/ 
100ml) as presumptive faecal coliforms/100ml sample.
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Appendix D Bacteriophage testing
The term ‘bacteriophage’ applies to all viruses that utilise bacteria as hosts in which to 
replicate. The virus invades the cell, incorporates its genetic code into the bacterial DNA and 
instructs the bacterium to produce copies of the bacteriophage. This will continue until the 
host organism’s cell wall bursts and so the newly produced bacteriophage are released.
This reproductive technique can be exploited on two levels:
a) High titre bacteriophage suspensions (up to 10^  ^plaque forming units per millilitre) can be 
grown in a basic microbiology laboratory with relative ease (when compared to enteric 
viruses, which require lengthy animal cell culture and more specialised equipment such as 
CO2  incubators).
b) Phage enumeration was carried out by an adaptation of the soft agar overlay technique 
(Adams, 1959). The bacteriophage may be detected by the plaque assay method. The fact that 
infected bacterial cells burst to release new bacteriophage means that when a sample 
containing bacteriophage is added to an agar plate spread with a layer (known as a lawn) of its 
bacterial host, holes will form at each site where a single bacterium was originally infected by 
a single bacteriophage. Subsequent infection of neighbouring bacteria eventually produces a 
plaque in the bacterial lawn. The number of resulting plaques were counted and the phage 
concentration expressed as pfu/ml of undiluted sample (pfu = plaque forming unit). Plaques 
will be formed on overnight incubation and so this is quite a rapid detection method.
As it was possible that the river water would contain coliphages associated with the coliform 
organisms that were known to be present in the water, a bacteriophage of Serratia marcescens 
was selected for dosing experiments. The bacterial host is not a gut commensal organism and 
as bacteriophages are unable to reproduce without their host, it was postulated that the phage 
was highly unlikely to be present in the water. This phage (NCIMB 10654; host NCIMB 
10644) had previously been used in river, sea water and sewage lagoon tracer experiments 
(Drury & Wheeler, 1984; Frederick and Lloyd, 1995) and so it had a proven suitability for 
aquatic dosing experiments.
The use of bacteriophage tracing provided information relating to:-
1) The speed at which the bacteriophage was first detected in the effluent of each prefilter 
enabled elucidation of the shortest penetration time for viral particles.
2) Once the levels stabilised, each filter’s ability to remove the bacteriophage from water 
could be assessed by comparing numbers of bacteriophage present in the samples.
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Appendix Ë Poliovirus study
In the analysis poliovirus were counted by the most probable number (MPN) method using 
cultures of the Buffalo Green Monkey (BGM) kidney cell line. A V2  log dilution series of the 
sample was prepared, with tissue culture growth medium as the diluent. A 96-well tissue 
culture grade plate was inoculated with lOOpl volumes of a cell suspension containing 10  ^
cells in 12ml of growth medium. Diluted samples (100pm) were inoculated into the plate 
allocating 12 wells to each dilution. Positive and negative controls were also run. The plates 
were incubated in a carbon dioxide incubator for 5 - 7 days and cells observed from days 3-7 .  
Wells showing a positive virus cytopathic effect were recorded and the most probable number 
of viruses per millilitre calculated using the computer programme of Hurley & Roscoe (1983).
133
Appendix F Shalford Pilot Plant Prefilter Underdrain Design
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Figure 49 Shalford pilot plant prefilter underdrain design
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Appendix G Suspended Solids Analysis
After the samples had been processed for turbidity, 300ml aliquots were passed under vacuum 
through Whatman GF/C glass fibre filters (47 mm diameter) which had previously been dried 
at 105°C, cooled in a desiccating cabinet and weighed to four decimal places. The process of
drying, cooling and weighing was repeated and the quantity of suspended solids in each
sample calculated as follows:
SS = [(A-B)/C] X 10  ^mg/1
Where:
SS = Suspended Solids (in milligrammes per litre)
A = Weight of dried filter + dish + weight of SS from sample (grammes)
B = Weight of dried filter (including dish)
C = Volume of sample filtered (millilitres)
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Appendix H Coulter Sampling Procedure
Ensure that the Multisizer II has been turned on for at least 10 minutes prior to use. 
During all sampling ensure that the orifice is not blocked.
Set up MENU information:- 
SET UP MENU
ANALYSIS SETUP 1
ANALYSIS SETUP 2
COMMUNICATIONS
SETUP
Set CURRENT GAIN
ORIFICE DIAMETER: 30pm/ 100pm/ 280pm/ 1000pm 
ORIFICE LENGTH: set automatically 
SETUP: Manual 
ANALYSIS: Sample
CALIBRATION: Recall (then press CAL on the Control Panel)
Kd: check Kd value approx. equal to 10 x orifice diameter
SIZE: required for calibration only
SIZE UNITS: required for calibration only
CURRENT AND GAIN: Automatic
APERTURE CURRENT: set automatically
GAIN: set automatically, check APERTURE CURRENT x 
GAIN equals 3200
POLARITY: +
INSTRUMENT CONTROL: Siphon 
TIME: not required 
CHANNEL COUNT: 64000 
TOTAL COUNT: 640 E 4 
CHANNELS: 256 
AUTOSCALING: On 
EDIT: Off
COINCIDENCE CORR: On
ANALYTICAL VOLUME: 500pl (100pm tube) lOOpl (30pm 
tube)
PARTICLE RELATIVE DENSITY: 1.0 
DIFF. VALUES: %
END TONE: On 
Does not require altering.
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1) Once Menus have been set up, turn top tap on Sampling Stand to RESET. When light on 
Sampling Stand illuminates press FULL on Control Panel. The message “Current & Gain 
Auto-set in Progress” should appear. When the message disappears turn the tap to COUNT, 
wait until all calculations have finished then proceed with the analysis.
If the message “Current Disabled - Cannot auto-set” appears check tap has been turned to 
RESET, also ensure that the light has illuminated before pressing FULL. To clear message 
press RESET on Control Panel and then try again.
2) Once the current and gain has been set the analysis may start. By turning the tap to 
COUNT the manometer will have started to rebalance and the first sample will be taken. For 
subsequent samples, turn the top tap to RESET, wait for the lights to illuminate both on the 
Sampling Stand and on the Multisizer H, turn the tap to COUNT and wait for the analysis to be 
completed.
3) Check that the orifice does not block during all stages of sampling. If a blockage does 
occur refer to Reference Manual, Section 9.2 for clearing aperture procedure.
4) Generally duration of analysis for 500pl with a 100pm tube analysis will take 
approximately 12 seconds, for lOOpl with a 30pm tube the analysis should take approximately 
27 seconds. If the sampling times are much greater a blockage is likely to have occurred and 
the analysis should be rerun.
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Appendix I Chromatography
Chromatograph sample injection was achieved by the use of a Waters Intelligent Samples 
Processor (WISP), capable of injecting 1 - 200pl both in programmed and manual mode. 
Constant flow was maintained by use of an isocratic Beckman 11 OB solvent delivery 
module.Ultraviolet detection was carried out using a Spectromonitor 3200 adsorbance variable 
UV detector, the detector signal was recorded using a CR650 JJ Instruments recorder. All 
High Performance Liquid Chromatograph (HPLC) separations were made on either 
Ultrasphere or Hicrom C l8 columns (5pm size, 25cm x 4.6mm i.d.) as the stationary phase. 
Mobile phase solutions were all degassed using an ultrasonic bath for a period of 
approximately 3 minutes.
Extraction of the herbicides was performed with a Varian manual extraction manifold capable 
of running up 12 extractions at one time coupled to a suction pump. Different cartridges were 
used to facilitate extraction method development.
Cartridges:
• Reversed phase octadecyl silica (Cl8) - 200mg & 500mg with 3ml and 6ml reservoir 
volumes respectively.
• Reversed phase octayl silica (Cl8) - 200mg with 3ml reservoir volume.
• Carboxylic (CBA) 200mg cation exchanger with 3ml of reservoir volume
• Benzenesulfonicacid (SCX) cation exchanger -500mg with 3ml reservoir volume.
• Cyanopropyl CN - 500mg and Ig with 3ml and 6ml reservoir volumes respectively.
Preparation of stock solutions:
Stock solutions were prepared in water, except for atrazine which was prepared in methanol. 
Each herbicide was accurately weighed (lOmg) on a five place balance. The sample was then 
added to a liquid volume sufficient to allow the solids to dissolve. The solution was vigorously 
shaken and ultrasonicated until all the solids dissolved and was then made up to the 1000ml 
mark. The stock solution was transferred to a dark bottle and stored in a cold room at a 
temperature of 4°C. The solutions were regularly checked for deterioration and residual 
volumes were usually replaced after one month of storage.
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Appendix J Shalford Faecal Coliform Data
Table 20 Shalford faecal coliform data (colony forming units/100ml sample)
Run No. Day No. Raw UPFl UPF2 UPF3 FESSFA FESSFB FESSFC
1 2 1200 1460 34 24 9
3 1220 1340 61 23 15
5 780 700 260 260 17 7 2
7 1640 540 400 240 26 21 6
9 1540 1000 520 340 21 10 7
11 3220 2620 1720 1240 18 7 5
13 880 580 220 160 6 5 3
15 1360 780 640 400 0 1 0
18 1380 620 480 320 3 2 0
20 1060 940 720 600 2 8 0
32 1840 890 390 220 3 5 3
33 440 120 70 20 4 7 1
40 475 120 150 65 11 7 4
42 420 105 145 100 7 7 3
47 795 360 225 215 12 18 7
49 1060 670 620 350 14 21 12
54 865 295 200 90 8 7 3
56 650 295 205 85 2 0 1
61 1950 525 380 320 3 3 1
63 1500 560 285 125 1 1 0
68 350 220 130 70 0 2 0
70 300 250 110 20 1 1 0
75 350 150 95 50 0 1 0
77 300 115 105 40 1 2 0
81 200 100 40 20 1 0 0
139
DFID Final Project Report
Table 20 Shalford faecal coliform data
Run No. Day No. Raw UPFl UPF2 UPF3 FESSFA FESSFB FESSFC
82 250 120 80 40 1 0 1
83 405 200 125 75 0 0 0
84 1300 110 75 40 8 3 6
89 235 80 55 20 4 2 1
90 112 186 96 56 1 4 0
91 395 130 95 40 3 2 2
95 550 190 160 54 6 5 1
96 250 60 45 35 5 7 1
97 190 95 90 25 1 3 1
100 210 75 45 50 10 1 3
101 80 70 20 20 3 7 2
103 170 140 75 65 4 8 1
105 915 100 95 15
106 330 160 120 105
107 280 175 155 100
108 130 100 30 70
2 163 925 1570 950 930 285 151 187
164 8950 2350 1650 875 210 190 195
168 3800 500 465 325 340 40 140
169 300 215 270 105 155 55 50
170 565 390 330 220 115 70 80
171 1050 365 300 260 200 45 85
171 3100 3700 1300 800 250 85 50
175 1100 750 450 100 85 10 20
176 600 580 650 235 150 100 80
177 370 230 220 115 70 35 5
178 415 380 155 130 66 18 13
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Table 20 Shalford faecal coliform data
Run No. Day No. Raw UPFl UPF2 UPF3 FESSFA FESSFB FESSFC
182 740 595 465 335 164 21 27
183 680 485 345 185 105 19 19
184 1020 460 285 180 39 7 13
185 460 520 270 75 46 6 3
189 810 345 265 150 62 10 5
190 2205 330 255 185 70 7 5
191 1215 735 505 140 94 6 5
192 780 255 205 140 84 10 7
196 375 85 70 35 19 4 1
197 395 145 130 50 24 1 3
198 270 105 80 50 25 1 0
203 435 175 85 60 13 3 1
204 945 220 200 115 40 1 1
205 215 170 105 110 24 2 2
206 480 120 65 80 30 0 2
210 155 150 90 40 6 2 0
211 205 55 45 35 6 1 1
212 1400 100 70 2255 10 1 1
213 1585 130 80 35 12 1 1
217 100 435 370 110 13 1 0
218 135 135 125 14 0 0
219 410 265 185 165 16 0 0
220 235 115 85 80 13 0 1
224 240 195 90 50 5 0 1
225 240 170 60 65
234 500 245 180 120
238 1035 495 380 215
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Table 20 Shalford faecal coliform data
Run No. Day No. Raw UPFl UPF2 UPF3 FESSFA FESSFB FESSFC
239 405 385 235 160
240 485 290 265 85
241 340 280 255 60
245 315 270 195 45
246 370 230 135 90
247 340 130 55 50
248 345 180 100 75
252 210 145 60 10
253 95 60 40 35
3 254 295 230 110 45 10 10
255 35 20 35 0.1 0.1
260 190 85 45 30 0.1 1
262 400 395 170 80 14 0.1 0.1
266 690 355 115 10 9 0.1 0.1
267 570 260 45 20 3 0.1 0.1
268 330 80 40 15 2 0.1 0.1
269 2300 205 90 20 2 0.1 0.1
273 585 80 20 10 2 0.1 0.1
274 4385 775 190 80 99 6 2
275 1625 945 565 395 35 0.1 0.1
276 870 415 125 85 22 0.1 0.1
280 1040 365 115 30 4 0.1 0.1
281 600 470 270 95 9 0.1 0.1
282 580 305 105 65 6 0.1 0.1
283 1140 320 160 70 3 0.1 0.1
288 350 220 105 40 6 1 0.1
294 595 265 85 25 13 0.1 0.1
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Table 20 Shalford faecal coliform data
Run No. Day No. Raw UPFl UPF2 UPF3 FESSFA FESSFB FESSFC
296 675 270 65 35 9 0.1 0.1
297 510 240 65 55 2 0.1 0.1
301 385 140 80 20 2 0.1 0.1
302 260 70 25 15 11 0.1 0.1
303 295 180 155 45 6 0.1 0.1
304 685 360 200 90 5.5 0.1 0.1
308 545 295 95 65 10 0.1 10
309 475 285 80 40 38 0.1 0.1
310 730 255 60 30 5 0.1
311 1005 900 730 330 10 0.1
315 1340 505 260 100 17 0.1
316 1180 470 160 55 7 0.1
317 690 295 170 65 20 0.1
318 505 350 165 270 2.5
322 2230 570 220 145 0.1
323 970 945 530 395 1
324 320 165 105 3
325 640 240 105 60 1
329 580 345 125 85 0.1
330 560 80 90 105
331 1460 910 590 260
332 1200 485 240 85
336 450 210 70 65
337 1000 700 330 210
344 1200 345 180 65
345 600 515 115 70
4 346 900 500 200 65 37 42
143
DFID Final Project Report
Table 20 Shalford faecal coliform data
Run No. Day No. Raw UPFl UPF2 UPF3 FESSFA FESSFB FESSFC
351 925 350 160 125 7 4
352 935 315 310 285 3 5
353 990 395 485 185 6 5
357 1320 950 450 240 2 0.1
358 835 595 395 180 2 0.1
359 1325 750 310 195 2 2
360 1505 1030 540 350 0.1 0.1
364 660 420 210 185 104 1 5
365 815 365 230 150 64 3 1
366 1060 410 295 135 104 1 1
367 1280 450 215 190 200 1 0.1
371 410 240 135 130 26 0.1 0.1
372 750 265 175 80 16 0.1 0.1
373 1095 370 155 120 22 0.1 0.1
374 1490 1210 620 360 260 1 0.1
379 525 230 205 95 57 1 0.1
380 920 275 170 95 21 0.1 0.1
381 2170 3250 1530 71 0.1 1
385 1035 285 245 120 0.1 0.1 0.1
386 710 365 160 55 2 0.1 1
387 1200 315 190 110 1 2
388 2350 1950 1600 1035 2 2
392 2880 960 465 350 1 3
393 1045 330 160 120 3 1
394 2150 470 235 70 2 2
399 2200 500 200 150 0.1 0.1
402 800 305 220 145 3 2
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Table 20 Shalford faecal coliform data
Run No. Day No. Raw UPFl UPF2 UPF3 FESSFA FESSFB FESSFC
406 950 285 200 95 1 0.1
415 600 310 230 90 1 0.1
427 1200 250 150 85 0.1 0.1
5 435 100 805 225 70 0.1 0.1
437 280 200 85 35 1 2
444 505 215 60 35 1 1
449 1100 485 100 40 1 0.1
450 250 305 105 15 0.1 0.1
456 400 120 45 50 0.1 0.1
463 550 215 60 50 0.1 0.1
483 610 495 270 110 10 1
485 1600 420 230 105 2 2
6 533 450 150 70 24 4
535 1250 630 320 210 19 12
539 3300 265 115 85 5 3
542 300 545 190 170 31 21
546 1050 995 395 150 10 7
548 12350 430 145 80 10 5
554 500 1895 970 315 19 10
556 1600 3400 1550 1300 31 30
561 345 345 160 130 5 3
563 540 480 230 165 3 32
568 900 1400 550 450 2 2
570 700 530 255 205 12 5
575 770 530 335 215 2 0
577 1500 910 750 285 0 1
582 680 190 95 60 1 2
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Table 20 Shalford faecal coliform data
Run No. Day No. Raw UPFl UPF2 UPF3 FESSFA FESSFB FESSFC
591 355 190 175 75
654 1475 300 160 35
658 420 160 105 30
668 890 210 80 60
669 865 305 245 85
673 1950 565 430 170
675 688 415 260 60
680 930 275 135 60
682 655 245 65 30
687 1930 715 280 105
689 940 195 85 45
694 1150 195 130 90
696 1800 370 180 75
702 750 430 230 55
708 1200 460 386 165
715 3300 1460 1085 740
717 2200 1400 1100 940
724 1000 300 280 140
728 1300 355 195 105
730 630 425 200 60
731 760 230 120 195
735 1075 660 475 325
737 455 305 160 80
756 1515 860 725 525
758 1200 1100 650 305
766 1200 530 295 320
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Table 20 Shalford faecal coliform data
Run No. Day No. Raw UPFl UPF2 UPF3 FESSFA FESSFB FESSFC
771 500 465 225 160
778 1000 395 290 225
785 470 405 315 195
792 400 350 185 105
799 850 290 120 115
7 806 395 310 205 170
813 640 335 170 95 16
820 200 100 55 35 0
829 240 140 45 45 1
834 1670 875 255 7
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Appendix K Shalford Turbidity Data
Table 21 Shalford turbidity data (NTU)
Day
Number Raw UPFl UPF2 UPF3 FESSFA FESSFB FESSFC
1 7.26
2 6.25 4.84
5 6.27 4.75 4.06 3.34
6 7.22 4.71 3.55 2.88
7 6.53 4.45 3.19 2.76 R u n l
8 6.63 4.59 3.56 2.71 2.31 2.14 0.45
9 7.24 4.8 3.57 2.76
11 7.98 5.08 3.86 2.97 1.29 0.53 0.34
13 6.13 4.73 3.64 2.73 0.59 0.35 0.17
15 5.07 4 2.92 2.16 0.68 0.35 0.16
18 5.44 3.76 2.65 1.93 0.63 0.47 0.24
20 6.02 4.79 3.77 2.58 0.58 0.34 0.32
22 5.67 4.37 2.93 2.25 0.4 0.22 0.27
25 5.07
26 4.97
27 39.2 29.4 20.2 13.3 0.68 0.4 0.26
29 7.49 5.52 3.91 2.44 0.24 0.18 0.12
32 18.3 8.74 5.91 4.24 0.28 0.13 0.22
33 9.05 6.08 4.67 3.59 0.33 0.19 0.15
34 6.55 4.42 3.32 2.38 0.28 0.17 0.14
36 10.1 5.89 7.4 5.88 0.39 0.24 0.14
39 5.85 3.52 2.69 1.88 0.15 0.19 0.26
40 5.78 4.07 2.92 2.14 0.15 0.1 0.08
41 7.17 4.28 2.97 2.01 0.14 0.12 0.25
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Table 21 Shalford turbidity data
Day
Number Raw UPFl UPF2 UPF3 FESSFA FESSFB FESSFC
42 5.79 3.62 2.92 2.11 0.13 0.19 0.1
43 5.93 3.8 2.86 2.05 0.17 0.23 0.23
46 5.98 3.3 2.5 1.87 0.28 0.12 0.09
47 6.48 3.48 2.73 2.37 0.3 0.14 0.14
48 8.25 4.17 3.16 2.29 0.15 0.15 0.14
49 7.56 4.87 4.04 2.93 0.29 0.17 0.17
50 31.1 18.1 13.9 10.2 0.49 0.43 0.19
53 13.7 10.2 8.47 6.56 2.5 1.92 0.46
54 9.3 6.47 4.95 3.62 0.8 0.61 0.45
55 9.67 6.86 5.44 3.91 0.67 0.62 0.4
56 9 5.49 4.19 3.27 0.47 0.35 0.21
57 9.74 5.66 4.57 3.17 0.44 0.59 0.13
60 414 38.4 8.76 3.26 0.5 0.54 0.66
60.15 22.2 64.3 63.6 46.4 0.45 0.42 0.32
61 23.1 13.4 10.9 8.93 0.96 1.15 0.38
62 108 89.1 30.9 16.9 2.31 2.08 1.16
63 12.1 8.65 7.38 6.52 1.76 2.08 1.03
64 7.65 5.44 3.79 3.1 0.81 0.72 0.32
67 5.21 2.61 2.29 1.74 0.42 0.27 0.2
68 5.01 2.64 1.97 1.64 0.35 0.26 0.32
69 4.46 2.33 1.76 1.43 0.26 0.31 0.21
70 4.71 2.1 1.72 1.39 0.26 0.15 0.17
71 4.27 2.04 1.65 1.3 0.2 0.15 0.1
74 4.6 2.17 1.66 1.18 0.15 0.21 0.26
75 4.55 2.2 1.68 1.31 0.29 0.15 0.11
76 9.28 2.2 1.75 1.35 0.38 0.25 0.12
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Table 21 Shalford turbidity data
Day
Number Raw UPFl UPF2 UPF3 FESSFA FESSFB FESSFC
77 5.71 2.36 1.81 1.43 0.17 0.13 0.11
78 4.31 2.31 1.7 1.23 0.19 0.17 0.15
81 4.55 2.22 2.04 1.19 0.43 0.3 0.19
82 4.44 2.18 1.58 1.1 0.24 0.26 0.18
83 4.49 2.18 1.54 1.26 0.23 0.16 0.13
84 4.85 2.2 2.15 1.15 0.18 0.14 0.11
85 4.46 2.04 1.47 1.1 0.16 0.18 0.4
88 4.34 1.76 1.21 0.94 0.28 0.25 0.26
89 4.76 1.91 1.42 1.1 0.24 0.12 0.09
90 6.65 2.22 1.5 1.08 0.21 0.22 0.19
91 5.67 2.72 1.67 1.16 0.19 0.17 0.26
92 5.17 2.02 1.71 1.36 0.25 0.19 0.11
95 7.72 3.88 2.92 2.11 0.45 0.29 0.21
96 5.25 2.58 1.96 1.54 0.31 0.21 0.14
97 4.48 2.56 1.73 1.4 0.31 0.27 0.16
98 3.8 2.12 1.42 1.17 0.15 0.21 0.12
99 3.47 1.94 1.42 0.95 0.18 0.47 0.22
102 4.28 2.69 1.61 1.21 0.13 0.12 0.09
103 4.18 2.53 1.98 1.68 0.21 0.28 0.14
104 4.66 2.19 1.49 1.04 0.19 0.16 0.13
105 4.35 2.33 1.62 1.34 0.18 0.23 0.07
106 4.86 2.45 1.54 1.08 0.19 0.25 0.19
109 4.02 2.44 2.18 1.22 0.12 0.12 0.08
110 6.56 3.58 2.57 1.74 0.2 0.13 0.11
111 11.6 4.45 2.84 1.71 0.19 0.17 0.09
112 4.78 2.9 2.21 1.37 0.22 0.54 0.26
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Table 21 Shalford turbidity data
Day
Number Raw UPFl UPF2 UPF3 FESSFA FESSFB FESSFC
118 13.3 10 7.43 5.31
114 17 12.9 10.3 7.32
119 7.97 6.17 4.17 3.18
120 85.5 66.3 58.7 51.6
146 59.8 32.5 22.8 18.3
148 38.9 39.8 35.2 29.5
151 190 132 94.6 70.4
152 21.2 18.5 16.8 14.2
153 19.8 14.4 12.3 10.9
154 26.8 25 21.7 14.9
155 11.6 8.63 6.78 6.17
156 9.63 5.75 6.36 0
159 8.58 6.54 5.17 3.54
160 9.18 5.39 4.46 3.99
161 14.9 6.07 4.92 3.32
162 8.2 6.83 5.18 3.4
163 26.8 9.41 7.02 0
164 13.5 7.15 5.6 5.36 Run 2
13.5 8.63 6.84 5.74 3.28 0.75 0.71
166 10.9 7.4 5.52 3.8 3.35 0.99 0.86
167 14 10.6 9.88 7.68 3.35 0.83 0.46
172 10.7 6.88 5.05 3.59 1.69 0.73 1.58
173 9.89 6.45 4.77 333 1.74 0.58 2.22
174 12.7 10 7.95 5.63 2.03 1 1.28
175 90 7.71 5.13 3.56 1.89 0.68 1.15
175.5 110 363 222 78.6 1.59 0.54 0.54
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Table 21 Shalford turbidity data
Day
Number Raw UPFl UPF2 UPF3 FESSFA FESSFB FESSFC
176 42.3 55.7 56.3 48.9 37.6 17.5 14.2
179 61.4 54.8 26.3 15 4.04 0.96 0.86
180 14.1 11.5 9.57 7.32 5.22 2.51 2.8
181 11.8 8.66 6.63 4.88 2.84 0.95 0.86
182 16.3 8.21 5.92 4.07 1.88 0.56 0.89
183 44.3 70.25 25.9 5.86 1.81 0.77 0.53
186 13.7 7.11 8.31 3.73 1.82 0.68 0.78
187 12.3 6.32 4.62 3.33 1.54 0.46 0.37
188 10.9 6.28 4.59 3.09 1.58 1.34 0.36
189 9.14 6.27 4.34 2.96 1.23 0.28 0.21
190 10.7 6.22 4.74 2.96 1.18 0.27 0.16
193 12.2 6.8 4.39 2.54 1.1 0.11 0.11
194 14.4 6.05 4.31 2.54 0.99 0.12 0.14
195 13 10.4 8 5.21 1.32 0.25 0.26
196 11.2 7.5 5.73 3.91 1.61 0.2 0.2
197 10.3 6.21 4.38 2.89 1.12 0.12 0.1
200 11.6 7.35 4.54 3.07 0.88 0.13 0.1
201 10.5 7.28 5.23 3.53 0.94 0.1 0.09
202 11.2 7.46 5.11 3.4 0.9 0.1 0.04
203 9.81 7.67 5.96 3.71 1.09 0.29 0.18
204 10.2 7.72 5.34 3.45 0.73 0.34 0.11
207 8.43 6.42 4.74 3.12 0.73 0.12 0.2
208 10.2 7.63 5.69 3.35 0.65 0.08 0.19
209 11.7 7.71 5.43 3.56 0.77 0.21 0.29
210 10.3 7.86 5.67 3.39 0.53 0.05 0.06
211 11 7.5 6.09 3.52 0.95 0.58 0.18
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Table 21 Shalford turbidity data
Day
Number Raw UPFl UPF2 UPF3 FESSFA FESSFB FESSFC
214 9.7 5.67 4.2 2.89 0.74 0.15 0.09
215 10.7 7.89 5.1 3.47 0.64 0.13 0.1
216 9.68 9.59 5.77 3.53 0.61 0.07 0.08
217 8.91 6.9 5.16 3.27 0.54 0.07 0.18
218 8.48 5.68 4.38 2.91 0.56 0.08 0.24
221 9.47 5.4 3.98 2.78 0.57 0.1 0.33
222 10.4 6.53 4.55 2.91 0.62 0.12 0.13
223 13.6 10 6.72 4.01 0.52 0.1 0.08
224 9.39 7.61 5.41 3.42 0.68 0.07 0.08
225 10.8 8.3 5.29 3.26 0.75 0.19 0.17
228 9.83 6.96 4.58 3.27 0.52 0.09 0.09
229 8.93 7.36 4.79 3.21 0.57 0.18 0.05
230 13.5 8.13 5.49 3.59
238 8.64 7.9 5.69 3.92
239 16.4 12.1 8.89 5.59
242 15.3 9.38 7.17 5.27
243 11.3 8.52 6.09 4.09
244 11.2 8.18 6.35 3.93
245 9.17 7.38 5.37 3.55
246 10.9 5.98 4.36 3.21
249 7.95 60.2 4.44 2.88
250 8.88 5.02 3.84 2.59
251 7.46 5.46 3.86 2.59
252 8.64 5.59 3.99 2.55
253 9.37 5.64 4.22 2.56
256 7.83 5.56 4.11 3.06
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Table 21 Shalford turbidity data
Day
Number Raw UPFl UPF2 UPF3 FESSFA FESSFB FESSFC
258 8.79 6.05 3.88 2.64
R un 3
259 7.34 5.97 3.71 2.48 0.29 0.53
260 8.07 5.42 3.27 2.16 1.79 0.21 0.32
263 10.7 5.88 3.91 2.37 1.62 0.12 0.35
266 8.8 7.72 4.31 2.27 1.33 0.14 0.26
267 13.7 8.3 4.76 2.67 1.6 0.14 0.12
270 8.29 5.82 3.4 1.85 0.87 0.08 0.15
271 9.1 6.1 3.16 1.75 0.66 0.11 0.09
272 8.61 4.96 2.97 1.65 0.51 0.07 0.11
273 13.3 4.91 2.95 1.81 0.58 0.13 0.18
274 10.5 6.03 3.37 1.98 0.53 0.07 0.1
277 11.7 4.55 2.73 1.62 0.38 0.06 0.09
278 28 6.13 3.19 1.74 0.37 0.06 0.1
279 21.2 10.9 7.79 5.32 1.68 0.15 0.68
280 11.1 5.42 3.31 2.14 0.81 0.1 0.17
281 11.5 4.68 2.63 1.57 0.53 0.08 0.09
284 13.1 6.21 4.02 2.41 0.8 0.15 0.2
285 13.9 9.4 6.24 3.73 0.6 0.09 0.1
286 10.4 5.22 3.04 1.86 0.52 0.17 0.34
287 14.2 4.65 3.02 1.76 0.35 0.47 0.13
288 12.1 6.74 4.36 2.81 0.78 0.09 0.21
292 14.2 4.37 2.7 1.81 0.2
293 9.35 6.07 3.44 2.14 0.4 0.07 0.1
295 9.31 4.7 2.71 1.58 0.2 0.12 0.09
298 9.59 4.1 2.46 1.36 0.26 0.08 0.09
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Table 21 Shalford turbidity data
Day
Number Raw UPFl UPF2 UPF3 FESSFA FESSFB FESSFC
300 11 4.97 2.59 1.55 0.25 0.14 0.09
301 7.88 5.24 3.08 1.68 0.48 0.13 0.09
305 7.27 6.06 2.92 1.47 0.37 0.37 0.21
306 7.75 4.91 2.91 1.49 0.28 0.09 0.08
307 15.8 5.39 3.21 1.85 0.35 0.13 0.16
308 8.29 38.4 24.2 11.8 0.36 0.15 0.19
309 8.04 5.67 3.54 1.91 0.27 0.07 0.08
312 7.48 5.12 2.54 1.3 0.17 0.08 0.07
313 6.44 4.64 3.29 1.24 0.21 0.07 0.29
314 8.66 4.36 2.51 1.81 0.36 0.06 0.37
315 8.96 5.32 3.65 2.22 0.4 0.07 0.12
316 7.63 5.75 3.52 1.77 0.2 0.06
319 9.32 4.27 2.77 1.17 0.25 0.1
320 8.44 4.62 2.99 1.43 0.04 0.09
321 7.91 4.79 2.87 1.48 0.27 0.07
322 7.4 4.67 2.82 1.56 0.23 0.16
323 7.71 4.97 3.07 1.48 1.41 0.32
326 8.83 4.82 2.86 1.6 4.11 0.11
327 7.51 4.98 3.29 2.06 0.11
328 5.92 4.49 2.8 2.29 0.15
329 5.73 3.74 2.64 1.53 0.66
330 8.81 4.4 2.88 1.61 0.17
333 7.4 4.51 2.83 1.83 0.04
334 7.73 4.65 2.79 2.05 0.13
335 10.4 5.94 3.02 2.15 0.18
336 6.48 4.23 2.53 2.09
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Table 21 Shalford turbidity data
Day
Number Raw UPFl UPF2 UPF3 FESSFA FESSFB FESSFC
340 4.25 3.49 2.4 1.98
341 6.69 5.02 3.09 2.4
347 8.7 5.39 2.86 2.14
348 10 5.4 3.02 1.99
349 8.19 4.88 3.3 2.81
R un 4
350 9.58 4.85 3.14 2.26 0.16 0.3
351 7.17 4.75 3.24 2.11 0.21 0.13
355 9.54 5.06 3.28 2.1 0.19 0.17
356 8.12 5.51 4.1 3.22 0.15 0.32
357 8.24 5.54 3.64 2.95 0.12 0.24
358 7.22 5.44 3.73 2.71 0.1 0.14
361 8.03 5.28 3.25 2.16 0.09 0.16
362 6.82 5.17 3.22 2.26 0.1 0.09
363 7.14 5.02 3.26 2.15 0.18 0.17
364 9.91 6.41 4.28 2.87 0.39 0.69
365 8.24 6.32 4.57 3.14 0.19 0.15
368 5.91 4.69 3.11 2.05 0.23 0.12
369 7.74 5.81 3.7 2.36 0.22 0.32
370 7.81 5.42 3.55 2.51 0.12 0.12
371 6.76 4.56 3.3 2.23 0.16 0.24
372 7.3 4.86 3.45 %29 0.2 0.27
375 92.8 26.7 5.07 2.9 0.3 0.13
376 6.26 4.79 2.86 1.84 0.3 0.18
377 6.05 4.01 2.97 1.72 0.28 0.12
378 6.2 4.73 2.76 1.77 0.24 0.14
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Table 21 Shalford turbidity data
Day
Number Raw UPFl UPF2 UPF3 FESSFA FESSFB FESSFC
379 6.39 4.68 3.17 2.04 0.21 0.12
383 5.61 4.14 3.11 1.76 0.37 0.32
384 7.56 4.49 3.02 2.09 0.6 0.26
385 35.6 21.5 9.85 4.77 0.37 0.31
386 9.09 6.75 5.03 4.69 0.18 0.2
389 5.54 4.89 2.67 1.79 0.25 0.18
390 6.18 3.93 2.73 1.86 0.29 0.14
391 5.68 3.9 2.74 1.85 0.32 0.21
392 19 9.81 6.08 3.76 0.21 0.23
396 8.72 6.06 4.08 2.67 0.17 0.58
397 6.85 5 3.69 2.34 0.3 0.16
398 8.83 4.36 2.78 2.01 0.14 0.16
403 7.5 4.09 2.85 1.87 0.37 0.22
406 8.4 4.24 3.02 2.08 0.12 0.21
410 5.66 3.83 2.56 1.71 0.22 0.15
419 4.1 3.45 2.48 1.89 0.38 0.14
431 4.46 3.39 2.49 1.84 0.18 0.26
R un 5
439 10.3 4.86 2.72 2.01 0.23 0.16
441 3.96 3.23 2.53 1.59 0.5 0.17
448 4.58 4.03 2.63 1.95 0.21 0.22
453 5.14 4.08 2.61 1.92 0.4 0.16
454 6.86 15.4 5.48 2.23 0.26 0.23
460 6.64 4.03 2.73 2.24 0.54 0.26
467 7.47 4.3 2.24 2.06 0.46 0.36
487 10.6 7.13 4.3 2.99 0.43 0.24
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Table 21 Shalford turbidity data
Day
Number Raw UPFl UPF2 UPF3 FESSFA FESSFB FESSFC
489 10.3 6.31 4.02 2.36 0.18 0.17
512 17.2 9.71 6.3 4.45 0.24 0.15
Run 6
537 20.2 11.3 9.19 0.51 0.55
539 32.3 28.9 22.9 19.1 1.15 0.78
543 16.1 10.8 6.89 4.92 0.42 0.34
546 24.1 16.9 12.9 9.58 0.88 0.78
550 15.6 10.3 7.17 5.64 1.18 0.88
552 19.3 21.1 14.5 10.3 0.96 0.53
558 27.2 18.6 13.6 9.63 0.56 0.56
560 69.7 79.6 68.2 50.6 0.78 0.83
565 16.7 8.56 5.5 3.81 0.25 0.43
567 18.6 12 7.47 5.33 0.16 0.6
572 225 56.9 15.9 6.46 0.45 0.23
574 22.9 19.4 14.2 7.61 0.54 0.39
579 11.2 8.73 5.08 3.52 0.78 0.9
581 12.4 8.2 4.97 2.99 0.27 0.51
586 8.81 6.02 3.55 2.55 0.1 0.37
595 9.51 5.31 3.19 2.25
658 9.98 5.25 2.89 1.4
662 7.17 5.1 3.01 1.47
663 4.18 2.2 1.79 0.91
672 6.28 4.44 3.88 1.76
673 7.82 4.69 3.02 1.54
677 8.08 5.27 3.31 1.31
679 7.43 5.42 3.2 1.35
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Table 21 Shalford turbidity data
Day
Number Raw UPFl UPF2 UPF3 FESSFA FESSFB FESSFC
684 7.44 4.54 2.87 1.13
686 6.06 3.83 2.21 1
691 5.86 3.18 2.26 0.95
693 6.43 3.43 2.11 0.98
698 8.48 3.88 2.37 0.97
700 7.87 3.61 2.85 0.92
706 7.13 3.64 238 0.77
712 6.42 4.66 3.17 1.8
719 6.99 4.82 3.21 1.78
721 7.85 3.9 2.55 1.63
728 4.88 3.14 2.16 1.37
732 6.09 3.61 2.47 1.64
734 5.46 4.08 2.83 1.61
735 7.3 3.98 2.69 1.78
739 5.67 3.71 2.63 1.87
741 7.8 4.3 3.07 1.91
743 6.43 3.7 2.7 2.06
748 4.43 3.48 2.47 1.7
749 5.13 3.37 2.55 1.77
760 7.54 6.34 4.71 3.68
762 6.58 4.92 4.05 3.79
770 6.91 4.23 3.2 2.37
775 6.95 3.78 2.72 1.98
782 5.39 2.89 2.11 1.83
789 3.8 3.51 2.06 1.75
796 4.36 2.89 2.41 1.95
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Table 21 Shalford turbidity data
Day
Number Raw UPFl UPF2 UPF3 FESSFA FESSFB FESSFC
803 3.87 2.35 2.25 1.75
810 9.96 3.1 2.56 2.24
817 4.88 2.39 1.75 1.53
824 7.72 4.61 2.01 1.58
833 2.99 2.64 2.11 1.83
838 5.86 4.59 4.48
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Appendix L Laboratory Prefilter Turbidity Dosing Results
Table 22 Laboratory prefilter turbidity dosing results
Experiment
Number
Turbidity
Dose
(NTU)
Filtration
Velocity
(m/s)
% Turbidity 
Reduction
% Suspended Solids 
Reduction
1 100 0.1 66 70
2 100 0.6 20 37
3 108 0.25 39 51
4 50 0.25 43 52
5 200 0.25 52 58
6 150 0.25 57 59
7 500 0.25 60 58
8 50 0.25 41 53
9 100 0.25 52 56
10 150 0.25 62 63
11 200 0.25 52 55
12a 500 0.25 55 52
12b 500 0.25 28.1 25.6
12c 500 0.25 18.2 19.4
12overall 73.8 72.9
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Appendix M Data for the Removal of Atrazine across each of the 
Filters at Shalford pilot plant
Table 23 Data for the removal of atrazine across each of the filters at Shalford pilot plant
Date Concentration of atrazine (|ig/l) at:
Raw PFl PF2 PF3 FEFA FEFB
7/7/94 3.12 4.04 3.97 3.71 3.35 ---
11/7/94 i a 2 4.00 3.97 3.97 3.82 ---
13/7/94 4.33 3.97 4.15 3.97 -------- --------
29/7/94 4.59 4.62 4.73 -------- 4.40 4.48
31/7/94 4.99 5.06 5.17 5.28 5.06 5.17
2/8/94 4.73 5.31 3.53 5.50 5.46 4.11
4/8/94 4.59 3.60 4.33 4.59 4.18 4.00
13/8/94 3.97 4.11 4.33 4.26 3.58 4.80
158/94 3.42 3.67 3.64 3.60 3.46 3.46
Average 3.84 4.01 3.95 4.04 3.86 4.00
S.D. 0.58 0.56 0.50 0.64 0.71 0.43
% removal - — -4.4 +1.5 -2.2 +4.4 -3.63
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Appendix N Data for the Removal of Paraquat across each of the Fil­
ters at Shalford pilot plant
Table 24 Data for the removal of paraquat across each of the filters at Shalford pilot plant
Date Concentration of paraquat (fxg/l) at:
Raw PFl PF2 PF3 FESSFB 
(300mm sand)
FESSFC 
(500mm sand)
15/6/95 5.2 6.0 5.4 4.2 5.7 5.9
17/6/95 7.6 6.4 7.0 5.4 6.9 7.2
19/6/95 8.9 7.5 8.6 8.9 8.5 7.0
21/6/95 7.8 8.7 8.0 6.9 7.5 6.0
23/6/95* 10.0 9.9 8.28 8.5 8.7 9.2
24/6/95* 6.6 7.1 7.4 5.1 6.3 7.2
27/6/95* 5.7 4.5 5.8 5.5 5.5 6.0
Average 7.4 7.2 7.2 6.35 7.01 6.93
S.D. 1.71 1.78 1.21 1.79 1.28 1.61
% removal --- +2.7 0 +11.8 -11.1 -9.13
* Dosing during this period was performed with formulation containing 2.5% of the com­
pound.
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Appendix O Effect of bed depth, contact time and flow rates of the 
biological filters on the removal of Atrazine and Paraquat
Table 25 Effect of bed depth, contact time and flow rates of the biological filters on the
removal of atrazine and paraquat
Bed depth Flow rate Retention time % reduction of
(mm) (m/hr) (hrs) atrazine paraquat
300 0.07 3.68 10.4* ---
0.16 1.61 6.8** 11.1***
500 0.07 6.14 -5.1* ---
0.16 2.69 -13.3**
*
***
Average of four independent measurements.
Average of five independent measurements 
Average of seven independent measurements 
Experimental period: July - August 1994 for atrazine, and June 1995 for paraquat 
Influent atrazine concentration; 3 to 5 pg/1; influent paraquat concentration: 5 to lOpg/l
Table 26 Effect of bed depth, contact time and flow rates of the biological filters on the
removal of 2,4-D and MCPA
Bed depth Flow rate Retention time % reduction of
(mm) (m/hr) (hrs) atrazine paraquat
300 0.06 4.3 89.6* ---
0.12 2.15 90.5** 100
500 0.06 7.16 93.3* ---
0.12 3.58 91.6** 100
* Average of three independent measurements.
** Average of five independent measurements
Experimental period: October-December 1994.
Influent concentration range of 2,4-D and MCPA: 5 to lOpg/1
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Part 3: Final Research Report 
(Incorporating forty-eight month report)
Kempton Pilot Plant 
Uprated Slow Sand Filters
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Section 1
Project Aims
Particles entering a filter bed may be removed, broken down, form floes or aggregates. In 
addition, biological particles may grow, multiply and decompose within the filter bed (Bayley, 
1985). Consequently, the properties of particles leaving a filter may have different properties 
to those entering. Most research in particle removal through filters has been based on clean 
bed systems, with consideration given to physical and chemical mechanisms. A separate field 
of research has been developed, mainly focusing on biofilm systems, which consider the 
influence of biological mechanisms on the capture and properties of organisms.
However, limited research has been carried out which considers the interaction between, and 
the influence of, physical, chemical and biological mechanisms. Much concern has been 
voiced recently concerning the penetration of pathogens, such as Cryptosporidium parvum 
oocysts, through water treatment systems. The lack of understanding regarding the 
mechanisms occurring within filter beds may be partly attributing to this problem. One aim of 
this research is to address this lack of understanding by considering why certain particles are, 
and others not, removed within the filter and to further the understanding of particle capture 
mechanisms within biological filters.
Particle capture mechanisms were assessed within four pilot-scale biological beds by dosing 
with different suspensions of organisms. When determining which organisms to dose, special 
consideration was given to the appropriateness of the organism to represent organisms 
naturally present in the raw water source. Special consideration was given to organisms, which 
may have similar properties to pathogens such as Cryptosporidium parvum, in order to further 
the understanding of their capture within biological beds and their potential use as a surrogate 
or indicator organism for the challenging and routine monitoring of a filter’s performance.
The research was carried out on uprated slow sand filter beds. In order for slow sand filters to 
remain a viable option within countries with limited land space and expensive labour costs, 
their efficiency needs to be optimised. Hence the evaluation of uprated filters assists in 
determining the limiting constraints of the filters, such as maximum flow rate, minimum bed 
depth and the minimum time required for run-in of clean filter beds.
The importance of the choice of determinands used to assess the properties of filter beds was 
assessed, as well as the need to carefully plan the sampling schedule. Monitoring of bed
167
biological performance using ATP was also considered. More details of the original proposal 
and experimental design are given in the Thirty Month Report (Part 7: Section 5).
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Section 2 
Particle Capture, Biofilm Theory and Filtration 
Theory
The capture mechanisms of suspended particles within biological water filters (e.g. slow sand 
filters) are complex. The particle capture efficiency is influenced by the physical, chemical 
and biological characteristics of the suspended particulates and media (the grain onto which it 
is hoped that the particles will attach, e.g. sand), the characteristics of the bulk fluid (the 
suspension fluid, e.g. water) as well as the filtration rate.
Traditional filtration theory has been developed in systems in which biological mechanisms, 
such as growth, decay and decomposition, are assumed to be insignificant. This approach may 
have resulted from past research having been focused on traditional chemical treatment filters. 
In addition, biologically active filters are extremely difficult to model, due to ripening effects 
resulting in an environment whose physical, chemical and biological properties are continually 
changing. However, the potential penetration of pathogens such as Cryptosporidium spp. 
through water treatment systems has led to great public and political concern. A need to 
further the understanding of the influence of the interactions between physical, chemical and 
biological mechanisms has arisen. Traditional filtration theory and biofilm theory have been 
discussed below in order to address some of the above issues
2.1. Slow Sand Filters
Cryptosporidium parvum and Giardia lamblia are protozoan parasites, which can cause 
gastrointestinal disease in humans. In April 1993, Cryptosporidium oocysts penetrated the 
water treatment system in Milwaukee resulting in 400,000 people contracting 
cryptosporidiosis. This was the largest outbreak of a waterborne disease to date in the history 
of America. Some of the main concerns regarding Cryptosporidium and Giardia spp. stem 
from their environmentally robust nature, their ability to penetrate chemical treatment systems 
and the low infective dosage for humans, this may be as low as ten Giardia cysts and thirty 
Cryptosporidium oocysts (Rodgers etal., 1995; Hendricks & Bellamy, 1991).
Cyst penetration of chemical water treatment systems has brought to attention a major benefit 
of utilising slow sand filters (SSF) for the removal of harmful micro-organisms. In addition to
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the removal of organisms, such as bacteria and viruses, SSF have been employed for the 
removal of biodegradable electron donors, such as ammonium, ferrous iron, manganese, 
sulphides, natural organic polymers and monomers (Rittmann, 1990). Their ability to remove 
cysts and oocysts has also been demonstrated (Timms etal., 1995).
Slow sand filters contain many living organisms. These organisms are present in the 
supernatant, bulk fluid, attached to the surface of sand grains or adsorbed onto biological films 
surrounding the collector media (Bayley, 1985). The populations, their distribution and their 
relative size will vary with time and environmental conditions, e.g. organic matter, oxygen, 
temperature, exposure to light, nutrient and toxin concentrations. The relationships and 
interactions between the different organisms are extremely complex. Details regarding their 
characteristics including physical appearance, feeding regime, preferred habitat and 
reproduction are discussed in Haarhoff & Cleasby (1991).
The majority of living organisms within slow sand filters are concentrated in the top few 
centimetres of the bed. However, as the interstices become increasingly blocked conditions 
may be more favourable deeper within the bed, and migration may result. Generally, microbial 
populations increase with time (Bayley, 1985), due to conditioning of media surfaces and the 
development of mixed species communities, i.e. biofilms. The characteristics of suspended 
organisms vary from their attached counterparts.
Metabolism, growth, reproduction and decay all occur within the system, particles present in 
the feed water may serve as food for living organisms within the bed and hence be digested 
and broken down. In addition, grazing organisms will eject faecal matter back into the bulk 
fluid. As a result, the composition of the suspended particles will change as they travel through 
the bed.
2.1.1. Laminar or Turbulent Flow
The aim of this review is to focus on particle removal, specifically through biological water 
treatment systems such as slow sand filters. Such systems are assumed to operate under 
laminar flow conditions (Ives & Gregory, 1967). For this reason, eddy diffusion which occurs 
during turbulent flow is not significant and will not be discussed here. The flow regime around 
media is extremely important in order to understand how organisms may come into contact 
with media surfaces.
Under laminar flow conditions the flow pattern is smooth, with maximum flow rate towards 
the centre of the flow stream. Flow rate tends to near zero at media surfaces and is also greatly 
reduced within the biofilm layer. In a uniform pipe nutrients would be expected to follow in 
the direction of the path line, and hence it would be unlikely that they would have the 
opportunity to contact with the pipe wall. If this were the case in natural systems, organisms 
and nutrients, necessary to maintain a biological community, would never have the
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opportunity to contact media surfaces. This obviously is not the case, and other transport 
mechanisms must be applicable. Transport mechanisms are discussed in Chapter 2.5.1.
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Figure 1 Profile of Laminar flow (transporting inert and biological particles)
2.2. Biofîlms
Filtrate quality has been shown to improve with time, explained as the consequence of 
suspended particles attaching onto previously deposited particles (O’Melia, 1985). Biological 
deposits may result in the development of a biofilm, which enhance both physical and 
biological particle removal (Bryers, 1987). Biofilms have been described as a gel phase, 
containing a variety of micro-organisms and extracellular polymeric material, formed between 
the bulk fluid, say water, and a solid surface, say sand (Bryers, 1994; Flemming, 1993). Any 
surface in an aqueous phase may support a biofilm community. The micro-organisms present 
within biofilms may include species of bacteria, extracellular polymers produced by the 
bacteria, living and dead cells, lysis and hydrolysis products (resulting from cell 
decomposition/disintegration), organic matter and some inorganic compounds (Nielsen et a i, 
1992). These substances all interact to form a living and continually adapting community.
Biofilm cells and polymeric substances are immobilised at a substratum, i.e. a media surface 
such as a grain of sand (Characklis & Marshall, 1990). A boundary layer develops at the solid- 
liquid interface. This layer exists under laminar flow conditions and as the flow rate increases, 
the boundary layer decreases. Organisms which have been transported to the surface under 
diffusional forces, find themselves in a more tranquil environment within the boundary layer. 
As the biofilm matures and the organisms become surrounded by a gelatinous matrix, newly 
transported micro-organisms adsorb into this matrix. Adsorbed cells may metabolise, grow 
and reproduce to form micro-colonies and further the biofilm development (Lappin-Scott et 
a l, 1993). In such an environment, the motility of organisms becomes important.
The polysaccharides, other polymeric substances and water, which make up the dense, sticky 
biofilm bed, are produced by the biofilm bacteria (Coughlan, 1996). The water content of a 
biofilm may make up as much as 70% to 95% of the biofilm, measured as wet weight.
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Adhesion, cohesion and structural integrity of biofilms is provided by the extracellular 
polymer matrix which may contain as much as 50% to 90% of the biofilm organic carbon 
(Flemming, 1993).
Selection of biofilm organisms will be greatly influenced by the properties of the surrounding 
water and media. Bacteria are one of the main occupants of biofilms, although fungi and algae 
may also be present (Coughlan, 1996). The prevalent biofilm organisms’ properties will 
modify the micro-environment of the biofilm and influence future biofilm development and 
properties. Hence, biofilm characteristics are dependent upon the properties of the surrounding 
environment, as well as the characteristics of the preferentially selected organisms 
(Christensen & Characklis, 1990).
2.2.1. Biofilm Structure
A biofilm is made up of several phases, namely the substratum, the base film, the surface film, 
and the bulk fluid. These phases are defined below (Characklis, 1990a) and in Figure 2:
1. Substratum: The substratum (media) is the initial surface onto which particles attach. 
Substratum characteristics may be extremely important during the initial stages of biofilm 
development, but decreasing so as it becomes covered with biofilm.
2. Base film: The base film is composed of an organised community of organisms, with 
distinct boundaries. Transport via molecular diffusion may occur within this phase.
3. Surface film: The base and surface films together make up the biofilm. The surface film is a 
transition phase between the bulk fluid and the base film. The proportion of biofilm present as 
the surface film can vary from 0% to 100%. Its density generally increases closer to the base 
film. Advective transport is the dominant mechanism within the surface film.
4. Bulk fluid: The bulk fluid is the suspension media, e.g. water. Bulk fluid properties are 
important in determining transport (fluid flow) and particle concentration.
Substratum Surface
Bulk
fluid
Base
film
O S3’
Figure 2 Schematic of biofilm system (Adapted from Handley, 1995)
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In addition to the influence exerted by the deposition of micro-organisms on the ecology of the 
biofilm community (Bouwer, 1987), the physical properties and spatial arrangement of the 
cells within a biofilm may also have a significant impact on biofilm characteristics (Characklis 
& Marshall, 1990). Biofilms are built up of microbial aggregates that initially attach to the 
conditioning film. The conditioning film may consist of a monolayer of cells or it may be a 
few cells deep.
As the biofilm develops, voids and channels will form between the microbial aggregates 
(Stoodley et a l,  1997). Aggregates are composed of clusters of microbial cells, the clusters 
being more loosely connected than the cells within them (Ganczarczyk, 1996). The channels 
transport water, waste, nutrients, enzymes and oxygen around the biofilm (Coughlan, 1996). 
Since many of the species within the biofilm may feed off the waste from other organisms, the 
easier access of such substances is of obvious advantage.
Biofilm channels and tunnels are continually adapting to their environment, assisting the 
continual flow of nutrients and energy sources. Solids may also be transported within the 
biofilm through the pore structure of rough biofilms (Dury et aL, 1993a; Duty et al., 1993b) or 
through temporary cracks and fissures in dense biofilms (van Benthum et a i,  1995). 
Consequently, there will be areas of different cell densities and varying diffusion rates.
2.2.2. Media Surface and Conditioning
Generally, all surfaces, rough and smooth, exposed to a biological environment will soon 
become covered with a biological layer. Research into biofilm accumulation on different types 
of granular activated carbon (GAC) showed increased levels of polysaccharide on GAC media 
containing high numbers of macropores (Den Blanken, 1982). This is a direct consequence of 
the surface roughness, since research has shown that biofilms are more able to colonise rough 
surface areas or surfaces containing fissures or flaws than smooth surfaces (van Loosdrecht et 
al., 1995).
Surface roughness may play a more important role in biofilm growth than surface physico­
chemical properties (van Loosdrecht et al., 1995). This may partly be due to reduced shear 
stress in these zones which assists attachment and reduces the detachment rate. Biofilm 
development on uneven surfaces may soon mask surface irregularities by the development of a 
thick pellicle (Verran & Taylor, 1995). Alternatively, the development of a biological film 
may just contour the uneven surface, or be adapted to contour the flow pattern. Such features 
can influence the future development, characteristics and properties of a biofilm.
Initial biofilm development requires the conditioning of the media surface to which 
attachment is to occur. The primary stage of biofilm development involves a coating of the 
media with organic molecules. Such a coating may completely cover the media surface or be 
patchy. Rittmann (1993) concluded that continuous biofilms are likely to develop in
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wastewater treatment systems due to the higher substrate loading, whereas for many water 
treatment systems biofilm development may be low resulting in a discontinuous biofilm layer. 
However, scanning electron microscope analysis of mature slow sand filter media has shown 
dense biofilms which completely cover the sand grains (Bayley, 1998).
In general, the benefits resulting from a biofilm structure may not be available until the biofilm 
has had sufficient time to develop. Nevertheless, conditioning of clean surfaces by the 
adsorption of suspended particles, can happen in a matter of minutes (Characklis, 1990b). 
Conditioning is dependent on the properties of the substratum and micro-organisms adsorbing 
onto it (James et a l, 1995). The properties of the conditioning film will influence bacterial 
adhesion, with certain bacteria being more amenable to adsorption than others. The biofilm 
constituents will influence many aspects of the macroscopic biofilm such as its strength, 
elasticity, sorption capacity, etc. (Nielsen e ta l, 1992). After initial conditioning of the media 
surface other micro-organisms will adsorb into the developed biofilm where they may grow 
and divide. Interspecies interactions will occur and help to define biofilm characteristics, even 
at initial stages of formation (James et a l, 1995).
2.2.3. Resistance Through Biofilm Development
The long retention time of organisms within the biofilm matrix results in aggregation of 
organisms. Aggregates may be composed of different organisms, resulting in multi-species 
microconsortia (Flemming, 1993). Micro-organisms within mixed species biofilms are 
relatively more stable and often thicker than monospecies biofilms and often undergo 
interactions with neighbouring organisms (James et a l, 1995). Microconsortia, instead of 
competing against each other for food or attachment sites, may exploit and benefit from each 
other’s presence.
The phenotypes exhibited by biofilms differ greatly from their planktonic counterparts. The 
extracellular matrix of a biofilm is an effector of cell growth (Akiyama & LaFlamme, 1994). 
Biofilm bacteria have demonstrated cell growth and reproduction in environments where no 
energy substrates were available in the bulk fluid. By combining resources they are able to 
resist higher levels of toxicity and also break down substances that would not have been 
possible if a single species existence was led (Coughlan, 1996). Bacteria can experience a 
growth advantage where nutrient availability is limited, since their new environment may 
allow them to metabolise adsorbed organic substrates into a usable food source (Marshall & 
Goodman, 1994).
Much research has been carried out into the greater resistance of biofilm communities to toxic 
substances than similar organisms suspended in the bulk fluid. Such research has shown 
biofilms to be 5 to 500 times more resistant to toxic substances such as antibacterial agents and 
disinfectants (Costerton et a l, 1995; Stickler, 1997; Flemming, 1993; le Magrex et a l, 1994) 
than their planktonic counterparts. The resistance of biofilm bacteria depends on the species
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and toxins involved, the growth rate of the biofilm, the stage in the division cycle of cells and 
whether newly produced cells are released from the biofilm back into the bulk fluid. The age 
of the biofilm may also be important, due to possible changes in the permeability of cell 
membranes and adsorption capabilities of the biofilm polymer matrix (Marshall & Goodman, 
1994; Costerton e ta l,  1987).
Research carried out by le Magrex et al. (1994) suggested that the perceived resistance of 
established biofilms to disinfectants could be due to two factors. Firstly the reactivation of 
previously dormant bacteria; they suggested that disinfectant removed upper layers of bacteria 
allowing deeper layers, which experienced reduced metabolic rates, to return to their previous 
active state. Secondly, as biofilms develop the bacteria synthesise exopolymers, which assist 
in the initial cohesivity of the young biofilm. As the biofilm becomes thicker and more dense 
the permeability decreases, reducing the ability of nutrients and antibacterials to penetrate and 
consequently harm the bacterial species.
2.2.4. Biofilm Growth
Biofilm growth is generally composed of three stages, namely initial growth, exponential 
growth and finally steady state. These three stages are represented pictorially in Figure 3.
Ini t ia l e x p o n e n t i a l s t e a d y
g r o w t hg r o w t h state
T i m e ►
Figure 3 Biofilm Accumulation Stages (Adapted from Characklis, 1990b)
Once a living cell has attached to the biofilm, its new environment will define the metabolic 
processes that it will carry out. Such processes may include cellular growth and replication, 
product formation, decay or maintenance and cell death or lysis (Bryers & Characklis, 1992). 
Soluble by-products, extracellular polymers, carbon dioxide and water are continually being 
produced within the biofilm. The growth and accumulation of biomass of a biofilm involves
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several processes:
Filtration Growth: Dependent upon the microbial surface concentration.
Attachment: Either reversible or irreversible (Chapter 2.5.2.9.).
Detachment: Brought about by predator grazing, abrasion or shear/erosion (Chapter 2.5.3.). 
Adsorption: Function of the suspended cell concentration and shear stress.
Desorption: Strongly dependent upon the adsorption rate.
Biofilm accumulation is dependent upon the nutrient availability and also suspended solids 
concentrations. Nutrient availability influences cell growth and the ability of micro-organisms 
to degrade contaminants. Suspended solids concentration will assist biofilm accumulation, 
however, depending upon their characteristics, they may result in negative conditioning of 
collector surfaces (Cunningham et a l, 1990). Biofilm accumulation in porous media has been 
defined by Cunningham et a i (1990) as:-
accumulation = adsorption + attachment + filtration + growth - detachment - desorption
The processes involved in media conditioning and biofilm accumulation can be further 
defined as shown in Figure 4.
Fluid Flow
( 1. Organic conditioning of substratum by macromolecules present in the bulk liquid.
2. Planktonic cell transportation, from bulk fluid to substratum.
3. Reversible adsorption of cells to substratum.
4. Irreversible or permanent adhesion of cells to the substratum.
5. Substrate metabolism (O2  = oxygen, S = sulphur).
6. Cell growth and replication.
7. Extracellular polymer production.
8. Biofilm detachment processes, either continuously (such as through erosion) or 
randomly (such as through sloughing).
Figure 4 Biofilm Formation Processes (Adapted from Bryers & Characklis, 1992)
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There are many factors that will influence biofilm growth and development. Some may be 
external to the biofilm structure, such as nutrient availability and shear stresses, other factors 
may result from biofilm physiology. Shear stress will obviously influence particle transport to 
and detachment from the solid-liquid surface, and hence influence biofilm development. It 
will also transport nutrients essential for biofilm growth. In addition, the macroscopic 
structure of the biofilm may affect the shear stresses around it.
The macroscopic structure of the biofilm is influenced by loading rate, substrate type and 
feeding patterns. Changes to macroscopic biofilm properties are caused by changes in 
microbial population, bacterial physiology (polymer production) or external factors (Nielsen 
et al., 1992). The distribution, settlement and growth of the microbial population will be 
influenced by water chemistry, nutrient availability, bacteria characteristics, biofilm pore size 
and fluid flow (Fletcher & Floodgate, 1973).
Higher temperature and longer time periods will often lead to more developed and eventually 
less stable biofilm structures. Again this depends on the biofilm and bulk fluid properties. 
Higher temperatures generally result in increased biological activity (Den Blanken, 1982), 
whereas time influences the length of contact available between species, often resulting in 
greater polysaccharide production.
2.2.5. Oxygen Diffusion and Porosity
Wimpenny (1995) stated that t^he most critical determination of heterogeneity is oxygen'. This 
is due to its importance in energy metabolism but also to the fact that its solubility in water is 
limiting. In rapidly respiring aggregates oxygen can penetrate up to approximately 20pm, 
whilst in slowly respiring aggregates the depth of penetration may be greater than 1mm 
(Wimpenny, 1995).
Since substrate and oxygen concentration decrease further downstream, cell growth will also 
be diminished. There will become a point where conditions become limiting. The differences 
in oxygen penetration within biofilms, i.e. oxygen gradients, exist due to different cell 
densities and subsequent biofilm porosities (Cunningham et al., 1990). The porosity within 
biofilms is continually changing. Experimental observation of biofilms and biological floes 
yielded porosities ranging between 2% to 32% (geometric mean 12%) and 20% to 59% 
(geometric mean 35%) respectively (Ganczarczyk, 1996). The development of flow channels 
and pore spaces within the biofilm structure directs the flow of nutrients. This increases the 
metabolic activity in these areas resulting in growth which eventually results in restricting and 
diverting the flow path. Hence, initial zones of high permeability may become less permeable 
(Paulsen etal., 1997) and vice versa.
The depth of the biofilm also affects porosity. Bacteria deep within a biofilm are often starved 
due to limiting nutrient diffusion (le Magrex et a l, 1994). This may be due to a number of
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reasons, such as the accumulation of cell waste that may affect the environmental conditions 
surrounding the organisms, subsequently reducing its metabolism. Alternatively, as biofilms 
grow they synthesise exppolymers, become thicker and hence less permeable to nutrients (le 
Magrex e ta l, 1994).
2.2.6. Nutrient Availability
Substrate utilisation permits biomass growth, and is in turn lost through decay and biofilm 
detachment. Hence, the properties of the biofilm are dependent on substrate supply, which is 
determined by bulk fluid characteristics, initial transport to the biofilm, diffusion within the 
biofilm and finally its utilisation once within the biofilm (Rittmann, 1990).
Certain nutrients are essential for microbial metabolism, such as nitrogen, phosphorous and 
sulphur (Characklis, 1990c) and diffuse through the boundary layer to be used within the 
biofilm. Metabolites produced within biofilms could increase the biofilm density and reduce 
the metabolism of surrounding cells. Removal of these metabolites may occur either by 
diffusing out of the biofilm or through their consumption by other organisms (Marshall & 
Goodman, 1994). Obviously diffusion out of the biofilm will become increasingly more 
difficult the deeper organisms are within it.
Generally, the main objective of planktonic cells is the colonisation of new surfaces, whilst 
reproduction is a more prominent mechanism for sessile cells. Sessile populations have been 
found to be much greater than planktonic populations. This may be due to the greater nutrient 
availability usually found within a biofilm than within the bulk fluid. However organisms that 
are not firmly attached to the biofilm may also benefit from increased nutrient availability 
(Mueller, 1996).
Changes in nutrient availability will affect the biofilm, by altering the bacterial gene 
expression, and hence protein production (Marshall & Goodman, 1994). Transient 
concentration changes will influence biofilm metabolism, but will have limited influence on 
changes in the biofilm composition, and will have only a short term influence. More prolonged 
changes in nutrient availability may force the biofilm biomass to change, and can also result in 
changes to cell morphology (Costerton et ai; 1987).
Increased cell density within biofilms will enhance exchange of genetic information and 
facilitate cross-feeding partnerships, in addition to providing limited protection against 
predation and dehydration. In oligotropic settings, attached bacteria will be able to exploit 
nutrients adsorbed and concentrated at the surface, enabling the organisms to grow faster than 
in the planktonic mode (Wilcock et a i, 1997).
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2.2.7. Biofîlm Interactions
Due to diversity of species within a biofilm the interaction processes can be varied and 
complex, involving one or more interactions between a species or between mixed species 
(James et a l, 1995). Cross-feeding and different forms of co-operation may occur. Due to the 
development of food and energy source gradients within the biofilm, greater community 
diversity will result (Bradshaw et a l, 1997). Interactions often occur between algae and 
bacteria and may significantly affect the strength of adherence of micro-organisms. Microbial 
interactions can be classified as follows (James et a l, 1995):
• Neutralism: Neutral interactions are ones in which neither population is affected by the 
other. Such interactions affect micro-organisms that are separated by a large enough 
distance but may also occur between populations of close proximity. It is unlikely that 
neutral interactions would occur within mature biofilms.
• Commensalism: Commensal interactions occur when one population benefits from the 
presence of the other whilst the other population is unaffected. These interactions are quite 
likely to exist in biofilm systems, e.g. aerobic and/or facultative micro-organisms 
consuming oxygen. Since oxygen gradients are often present within biofilms this 
interaction may be of particular significance.
• Mutualism: Interactions where both populations benefit is termed mutualism. Such 
interactions include obligatory (symbiosis), facultative (protocooperation) and interactions 
which enhanced the production or consumption of a product (synergism).
• Protocooperation: Protocooperation has been demonstrated in many biofilm communities, 
and may be the reason for many degradation processes. An example of protocooperation is 
the degradation of a pesticide by a bacterial population which was enhanced by the 
provision of alternative carbon sources by an alga. Protocooperative interactions may also 
involve synergism i.e. exchange of an energy source or growth factor.
• Ammensalism: When the interaction of one population has an indirect negative influence 
on another it is termed ammensalism. Ammensalism may occur if one population produces 
a bacteriocin that restricts the growth rate of another population. Chemical changes, such as 
reductions in pH levels due to the production of organic acids may also inhibit another 
species development.
• Negative interactions: Negative interactions include predation (one micro-organism 
consumes another) and parasitism (a micro-organism is intracellularly invaded by another).
• Competition: Competitive interactions occur where two populations are competing for the 
same nutrient or attachment surface. Competitive interactions are often detrimental to both 
populations, although it may result in the overall dominance by one population (Mueller, 
1996; James et a l, 1995). Competitive interactions in microbial communities may involve 
many mechanisms such as the production of siderophores.
The morphology of biofilm communities will change in response to alterations in mass 
transfer conditions, in order to optimise matter exchange within the new environment (Paulsen 
et a l, 1997). The properties of biofilm constituents, being dependent upon nutrient availability 
as well as other factors, will hence vary from their equivalent planktonic counterparts even if 
the bulk fluid characteristics are similar.
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The reasons for changes in biofîlm physiology and the enhanced metabolism of cells are still 
uncertain. One reason may be caused by the stimulation of specific operons/genes or simply 
the influence of surface physico-chemical characteristics on the cell environment (Brown, 
1995). Under certain conditions, differences between biofilms cells and planktonic cells could 
be due purely to indirect surface mechanisms and not characteristics of the cell itself. In other 
situations, adhesins or ‘touch promoters’ may be induced from proximity with a surface, and 
shown no influence from other environmental conditions (Heys et a l, 1997). What is most 
likely is a combination of these two mechanisms, i.e. communication between cells and 
communication between a cell and the surface (Heys et a i, 1997).
Communication between micro-organisms is often mediated by the release of N-acyl 
homoserine lactones (AHLs). Many Gram-negative bacteria have demonstrated the ability to 
release AHLs, which are chemical signals that can regulate certain physiological processes 
within biofilm systems, and hence may be of great importance to microbial interactions. The 
signals given by the release of AHLs can cause cells to respond and interact in a dependent 
manner (Cooper et a l, 1995; Heys et a l, 1997).
AHL release is one of the significant differences between cells in biofilms and their equivalent 
planktonic cells. It helps to explain some of the interactions (such as metabolic activity and 
physiological capabilities) and co-operative responses portrayed only when in the biofilm 
systems (Heys et a l, 1997). AHLs can assist in the attachment process of cells, as well as 
acting as a means for cell-cell communication and the development of physiological biofilm 
characteristics (Heys e ta l, 1997).
The type and amount of specific AHLs produced by a biofilm may be a reflection of the 
surrounding macroenvironment and growth conditions (Heys et a l, 1997). The adaptation of 
AHL release can assist the survival and opportunistic growth of cells. Exopolymer deposition 
and gene induction may be stimulated by the communication to an organism of its own 
population density, resulting in improved biofilm maintenance (Williams & Stewart, 1993). It 
has even been suggested that AHLs may promote the release of cells back into the bulk fluid, 
through erosion or sloughing (Heys et a l, 1997).
2.3. Bacteria
Bacteria have been considered as living colloidal particles on account of their size (0.2|im to 
several micrometers in length), densities only slightly greater than water, their net negative 
surface charge (at pH values found in most surface waters) and variable degrees of surface 
hydrophobicity (Marshall & Goodman, 1994; Marshall, 1985). They are generally spherical in 
shape and often surrounded by macromolecules, which may have a significant influence on 
bacterial interactions and behaviour (Robb, 1984).
The cell wall of a bacterium is composed of a complex fluid interface between it and the
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surrounding environment. In order to survive widespread antibacterial agents in nature this 
interface must be maintained (Costerton et a l, 1985). Added protection can be provided by 
development within a biofilm community (as discussed in Chapter 2.2.3.).
Bacteria hold an important role in biological systems due to their ability to rapidly colonise 
surfaces and hence provide additional attachment zones. This ability to attach is due to several 
properties, such as their small size, rapid growth rates, ability to adapt to environmental 
changes and the production of extracellular structures, e.g. polymers, fimbriae, pili, etc. 
(Characklis e ta l, 1990b).
The main means by which bacteria attach to a surface is believed to be via extracellular 
adhesives, either in the form of cell-surface coats or a diffuse intercellular matrix. This 
adhesive compound is believed to be an acidic polymer (Ellwood et a l, 1979). Bacteria can 
produce extracellular polymer (EPS) both within a biofilm environment and as free suspended 
cells. The production of EPS may be the main reason for the often sticky nature of bacteria. 
Such a property may increase their rate of adsorption onto the substratum (Characklis et a l, 
1990c) and hence the overall removal efficiency of a biological bed.
Since bacteria are living micro-organisms, they are capable of metabolism, growth and 
reproduction and, in certain cases, motion (Marshall, 1985). Although they are unicellular 
organisms, which are generally assumed to be non-co-operative, they have demonstrated the 
ability to exhibit multicellular behaviour when in a biofilm environment (Williams & Stewart, 
1993). Bacteria are also important for the biodegredation of organic substances, which is a 
fundamental requirement of an efficient biological water treatment system.
Bacteria are able to exhibit multicellular behaviour when in a biofilm community. The ability 
of biofilm bacteria to respond in such a manner shows a great ability to co-operate. This in turn 
assists bacterial growth and survival under less favourable conditions (Williams & Stewart, 
1993). Such a characteristic helps to determine the community organisation and biofilm 
physiology. As the biofilm grows, thickens and stabilises, the interactions may also multiply. 
Physiological interactions will increase the biofilm communities metabolic flexibility, and 
possibly the biofilm structure (James et al, 1995). Bacterial activity may also be increased by 
the presence of inert solids. This may partly be due to the removal of bacterial inhibitors by the 
suspended particles. Attached bacteria tend to demonstrate more activity than their planktonic 
counterparts, although this is not always the case (Ellwood et al., 1979).
Bacteria will vary greatly with regard to the amounts of proteins present in their cell walls. 
Generally, Gram-positive bacteria may contain relatively small amounts of proteins, whilst 
protein concentrations in Gram-negative bacteria cell walls is much greater. Proteins are 
important during communication processes, with one protein responsible for acting as a sensor 
and another protein for responding and relaying the information to appropriate response 
elements (Marshall & Goodman, 1994).
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The ability of bacteria to change the nature of surface proteins, depending on the 
environmental conditions they were grown in, is extremely important. This is of significance 
to attachment mechanisms since proteins generally cany a positive charge, and hence are 
charge attractive to most micro-organisms. Even proteins with an overall negative charge can 
form strong bonds via the presence of groups of positive charge (Characklis, 1990b). 
Enzymes, produced by bacteria, may also be positively charged, and hence are able to form 
strong bonds.
The production of surfactants by bacteria, which can adsorb onto surfaces may also aid 
adhesion. Surface-bound surfactants have demonstrated the ability to induce increases in heat 
output, oxygen consumption and size reduction in starving marine bacteria (Marshall & 
Goodman, 1994). Such responses increase the growth and metabolic rates of micro-organisms 
and also their survival in unfavourable conditions.
Under favourable conditions, bacteria show a preference to grow in biofilms where nutrient 
concentrations are high. However, when conditions become less favourable, they can modify 
their form to produce ultramicrobacteria. Ultramicrobacteria are small, generally 0.3p,m in 
diameter, are metabolically dormant and are very stable (Costerton, 1993). These micro­
organisms have a tendency to penetrate porous media. Such a response may be an attempt to 
shelter themselves from unfavourable conditions, or otherwise it may be that the new 
environment will prove more favourable and may encourage future biofilm development. 
Changes to bacteria morphology, in the form of prosthecate extensions, may also occur. Such 
changes may be responses to low nutrient environments, enhancing the surfaceivolume ratios 
and hence nutrient uptake (Laskin & Lechevalier, 1977).
2.3.1. Pili, Fimbriae, and Flagella
Polysaccharide fibrils, which may be produced within biofilm matrices, are important in 
microbial flocculation (Ganczarczyk, 1996). These randomly arranged fibrils are typically 
4nm to 7nm in diameter and up to lOOOnm in length (Ellwood et al., 1979). As with EPS, they 
may be thin enough to penetrate the energy barrier (discussed in Chapter 2.5.2.7.) between a 
cell and a surface, encouraging adhesion.
Extracellular polymers, pili, fimbriae, and flagella external to cells may be partly responsible 
for the firm attachment of bacteria to surfaces (Marshall, 1985). It is hypothesised that the 
bacterium can undergo reversible adhesion within the secondary minimum of the electrostatic 
energy barrier (Chapter 2.5.2.1.). Fimbriae and pili may assist attachment by strengthening the 
bond via hydrogen and ionic interactions. In addition, bacteria may transform from possessing 
polar to lateral flagella. This may increase the strength of attachment, whilst still permitting 
the bacteria to move on the substratum.
Initial reversible attachment and hydrogen and ionic interactions will take place within a
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matter of mili- or micro-seconds. EPS production would be much slower, and dependent upon 
biosynthetic processes. The interactions of all these factors and their ability to assist adhesion 
are still not well understood. Although flagella can assist transport mechanisms, it is still 
uncertain whether they play an important role in adhesion processes (Ellwood et al., 1979).
Flagella may change due to adaptations by the cells to the surrounding biofilm environment. 
Changes in flagella have been observed and have been considered as an intermediate stage 
between reversible and irreversible attachment, with the flagella forming a reversible bond 
with the surface. With time, irreversible attachment may occur through polymer bridging 
(Ellwood etal., 1979; Marshall, 1985).
2.4. Polymers
Polymers and/or interstitial voids may make up between 50 to 90% of the total biofilm volume 
(Costerton et al., 1995). This is due to the abundant production of extracellular polysaccharide 
(EPS) within the biofilm, being generally a much greater amount than that produced by their 
planktonic counterparts. Polymers are important during attachment since they are able to form 
bonds with negatively charged surfaces (Characklis, 1990b), such as between bacteria and 
sand grains.
EPS is a significant factor in adhesion processes, both reversible and irreversible. The natural 
abundance and fibrous nature of EPS enhance its adherence properties. Initially adhering 
organic polymers can have up to 10  ^sub-units, each with the potential to form a bond with the 
media. Hence, it is extremely unlikely that, once adsorbed, all of the EPS fibres would desorb 
at the same time, minimising the possibility of detachment occurring (Bryers, 1987; Robb, 
1984; MacLoed etal., 1995).
Extracellular polymers produced within a biofilm are observed to be heterogenic and consist 
of many types of polysaccharides (Christensen, 1989; Cooksey, 1992). When these EPS are in 
the form of capsules (i.e. dense polymers) they can form covalent bonds with polymers on the 
surface of microbial cells. Other exopolymers may also be important constituents of a biofilm 
EPS, such as proteins, humic compounds, nucleic acids and heteropolymers (Christensen, 
1989). The type of polymer produced by bacterial cells may vary depending on conditions.
It is thought that bacteria can produce two types of polymer, the first is solely for adhesive 
purposes and the second is produced after adhesion (Fletcher & Floodgate, 1973). This second 
polymer may render the surface more amenable for attachment by other micro-organisms, 
strengthen the initial attachment and/or protect the bacteria from predators or toxins (Marshall, 
1985). Fletcher & Floodgate (1973) reported on the production of these two types of polymers, 
with the second polymer forming a matrix within which microcolonies of the bacteria could 
form.
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Bacteria within biofîlms produce greater quantities of polysaccharides than their equivalent 
suspended cells. This may be a response to pressures exerted by the environment in which it is 
living (Allison, 1993). Polymer production is dependent upon the type of substrate, nitrogen 
and phosphorous limitation, ionic strength and desiccation amongst other factors (Nielsen et 
al, 1996). Although EPS production may result in lower diffusion of nutrients in certain zones 
of the biofilm, it has been proposed that EPS can bind nutrients, resulting in an environment 
more suitable for micro-organism growth and reproduction (Costerton et al., 1987). Such 
characteristics are especially important for suspended organisms where conditions in the bulk 
fluid are less favourable, enticing them to adsorb into the biofilm layer.
In addition to biofilm polysaccharides ability to strengthen attachment bonds of bacteria 
within biofilms, they are also capable of providing protection from antibacterial agents 
(Marshall, 1985), desiccation (Atkins et al., 1979) and phagocytosis by amoeba (Wilkinson, 
1958; Cooper et al., 1995; Nichols, 1993). The ability of EPS to afford protection to microbial 
cells within a biofilm is due partly to the production of a highly hydrated polysaccharide layer.
2.5. Theoretical Particle Capture Analysis
Capture mechanisms are affected by previously removed particles which can assist capture of 
suspended particles, due to changes occurring to the physical, chemical and biological 
properties of the filter media. For biologically active systems, efficient capture must also 
consider the influence of cell growth and multiplication. There are two approaches to the 
theoretical modelling of filter beds: phenomenological and trajectory.
The phenomenological approach does not allow for an understanding of the filtration 
mechanisms occurring within the bed, nor the relevant significance of these mechanisms. It is 
simply a method which aims to determine the rate of retention of suspended particles within a 
bed by the use of macroscopic rate expressions. These expressions are supplemented by 
empirical equations, which incorporate the effects of increases in head loss across the filter 
and the extent of particle retention.
In trajectory analysis, a filter bed is considered as being composed of an assembly of collectors 
or filter grains, generally referred to as media. Trajectory analysis aims to determine the means 
by which the suspended particles are transported to and retained on the media. The physical 
characteristics of the particles and media, the flow through the filter bed and the size and 
significance of forces exerted on the suspended and attached particles need to be specified for 
the trajectory approach (Amirtharajah, 1988).
Trajectory analysis can be subdivided into three main sections referring to the suspended 
particles and their flow paths, i.e. transport, attachment and detachment. Generally, attachment 
forces act over very short ranges, typically a few nanometres, and hence transport and 
attachment mechanisms will be considered separately.
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2.5.1. Transport Mechanisms
Particle removal relies on organisms firstly being transported to the media surface and then 
being held there. Transportation results in the initial contact of the organism directly onto the 
surface of the clean media.Particles which are transported to media surfaces often need to 
cross bulk fluid streamlines. The forces that cause particle transport are greatly influenced by 
the physical properties of the particles, e.g. size, shape and density. Physical forces generally 
dominate transport mechanisms although as particles approach the media chemical forces 
become more significant.
In biological systems, the media will become covered in a biological layer, the rate and 
coverage depending on the physical, chemical and biological properties of the media, attached 
organisms and bulk fluid. If the media has already been covered with a biofilm layer, 
transportation will result in the organism contacting the surface of the biofilm and possibly 
being adsorbed into it. The dominant transport mechanisms are diffusion, interception and 
sedimentation, these and other transport mechanisms are discussed below.
2.5.I.I. Diffusion
Brownian effects, or stochastic effects, result in the random motion of small particles due to 
the transfer of kinetic energy of water molecules. This transfer of energy occurs by the 
continual bombardment of small particles by water molecules. The viscous drag of water 
opposes this motion, given by Stoke’s Law (O’Melia, 1985):
Equation 1 Stokes law = 3TZ\ijdpUp
Where: = drag force
Py= bulk fluid viscosity, kg/ms
dp = particle diameter, m
Up = particle velocity vector, m/s
Increases in temperature result in increased Brownian motion due to a corresponding increase 
in the thermodynamic energy of molecules and a reduction in the viscous drag force. Diffusion 
effects can be represented by the Stokes-Einstein diffusion coefficient, B (Ives, 1980):
R TEquation 2 Diffusion coefficient B =
3n\ljd^
where R = Boltzman’s constant, 1.38066 x 10-23 J/°K 
T = Absolute temperature, Kelvin
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The mean velocity of the particle due to Brownian effects, over a distance of a mean grain 
diameter, can be calculated by dividing the diffusion coefficient B by the mean grain diameter, 
dnj. Flow through the pores results in further particle motion, which is proportional to the 
approach velocity, Vf. The ratio of the Brownian velocity (B/d^) to the approach velocity 
yields the overall diffusion effect, which is the inverse of the Peclet Number, Pg (Equation 3). 
Typical values for the Peclet Number, for water filtration ranges between 10’^  to 0.5x10'^.
Equation 3 Diffusion effect —  — ^
Pe
Brownian motion, or diffusion, is a highly significant transportation mechanism for small, 
non-motile organisms such as some small bacteria. Diffusional effects are also an important 
mechanism subsequent to initial contact with the sublayer of a biofilm, since diffusional 
effects may allow transport within the boundary layer.
2.5.I.2. Interception
Interception has been considered as a boundary condition which assists the attachment of 
particles transported by diffusion or sedimentation mechanisms (Amirtharajah, 1988). If the 
centre of a particle is less than half the particle diameter away from the grain surface as it 
flows past, it will strike the grain. As a result, the larger the particle and the smaller the pore 
space, the more likely it is that interception will occur. The effects of velocity gradients on the 
flow streams and consequent transportation of particles to a grain surface may also result in 
interception occurring. Such effects are often considered to be a result of hydrodynamic 
mechanisms. Interception is defined in Equation 4:
Equation 4 Interception /  = -4-
dm
For water treatment purposes I values vary between 2x10"  ^and 1x10"’, I values tending to 1 
will result in significant straining and inefficient use of the filter bed (Ives, 1975; Ives, 1980).
2.5.I.3. Sedimentation/ Gravity
Due to gravitational forces, particles denser than water will settle according to Stoke’s Law 
under a constant gravitational settling velocity, Vg. The dimensionless gravitational coefficient, 
G, can be represented by the ratio of Vg to the approach velocity, Vf as given in Equation 5 
(Ives & Gregory, 1967).
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2
Equation 5 Gravitational coefficient G = — = P
Vf ISPylÿ
where v_j = gravitational settling velocity, m/s
vy= approach velocity, m/s
pp = density of suspended particle, kg/i 
,3 ,_ /_ 3py= density of water, 10^  kg/m' 
g = acceleration due to gravity, 9.81 m/s^ 
dp -  diameter of particle, m 
Py= dynamic viscosity of bulk fluid, kg/ms
The gravity effect normally ranges between 0 and 14 for water filtration, G equal to 0 
corresponding to particles of a density equal to water.
Ives (1975) demonstrated that, under general conditions, the ratio of settling velocity to mean 
interstitial velocity for a clay particle of equivalent diameter 10pm and approach velocity
O.lmm/s, could be as low as 2%. However, under laminar flow conditions, parabolic velocity 
distributions occur in the pores, giving fluid flow velocities, which tend to zero near the grain 
surface (Ives & Gregory, 1967). Ives showed that, if flow effects around the surface of a grain 
are taken into consideration, the velocity ratio could be increased to 55%. This may result in 
increased contact between particles and media surfaces.
When considering biological entities, large organisms or aggregates may be removed by 
sedimentation. It is unlikely that single bacteria will sediment in biological water treatment 
systems, due to their small size and densities similar to water. However, floes of bacteria may 
occur if the bacteria become unstable, i.e. unable to remain solitary due to the prevalent 
conditions (e.g. surface charge), although for the majority of the time in biological systems 
most bacteria are stable (Marshall, 1985). Sedimentation of bacterial floes may occur, 
although their densities will probably be too low for sedimentation to be significant.
Sedimentation is less likely to occur as particle deposits on media increase, and as the 
interstices between the media reduce, subsequently increasing bulk fluid flow rates. Not only 
will the more sheltered zones for particle sedimentation reach their maximum capacity for 
holding previously removed particles, but also the increased shear through faster flow rates 
will discourage all but the largest/densest particles from sedimenting. Sedimentation in mature 
biological beds will hence only be likely if detachment provides new attachment sites or if 
control systems change, e.g. reduced flow rates.
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2.5.I.4. Inertia
The flow within a biological filter bed is laminar (Ives & Gregory, 1967). However, when 
streamlines approach an interstitial pore they are forced to converge. Particle density and 
particle and interstitial pore size will affect the collision efficiency between the particles and 
media. Dense particles may have sufficient inertia to force them to collide with the media 
surface. The collision efficiency, a, is defined as the ratio of the number of particles colliding 
with a filter grain to the total number approaching the grain at an infinite distance upstream 
(Ives, 1980):
Equation 6 Collision efficiency “ ~ ^  ~
where T| = single collector efficiency
T|o = initial single collector efficiency 
Pp = density of particle, kg/m^ 
dp -  diameter of particle, m
vy= velocity of fluid at infinite distance from grain, m/s 
Py^ = dynamic viscosity of the fluid, kg/ms 
d^ = spherical grain diameter, m
The single collector efficiency, T), can be determined from Equation 7 (Yao et a i, 1971):
Equation 7 Single collector efficiency ^  = . rate at which particles strike collector
VjC
where C = suspended particle concentration
Vf and C are measured upstream from the collector where the flow pattern is undisturbed.
Ives gave approximate values for the above characteristics in water filtration as: Vf = 2mm/s, 
Pf = lO'^kg/ms giving values of a  = 2 x 10'  ^to 1.5 x 10'  ^(Ives, 1980). The resultant values of 
a  were negligible due to low velocities and high water viscosity. Ives, hence concluded that 
inertial forces are not significant transport mechanisms in water filtration (Ives, 1980; Ives & 
Gregory, 1967).
2.5.I.5. Advection
Advection defines the mass transport through porous media, such as biofilms, caused by 
velocity flow. Other mechanisms such as hydrodynamic dispersion and molecular diffusion, 
may also be involved in the transport of nutrients and microbial cells through the biofilm
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(Cunningham et a l, 1990; Boy le, 1993). These mechanisms will control changes in 
concentration of the transported units. Advection involves two steps, firstly the transport of 
substance by the flow through the interstices and secondly the exchange of substance through 
the biofilm boundary layer. Advection mechanisms are much more rapid than diffusional 
mechanisms (Boyle, 1993).
2.5.I.6. Hydrodynamic Forces
The flow conditions within a filter are designated laminar under Darcy’s Law (Chapter
2.Ô.2.3.). Such conditions assume a velocity gradient between the surface of the grain, where 
the velocity is zero, to the centre of the pore, where the velocity is a maximum. Uneven drag 
forces are exerted upon the sides of particles due to differences in velocity at the particles 
sides. This results in the development of pressure differences laterally to the flow, causing 
particles to rotate and possibly migrate towards the grain (Ives, 1975; Ives and Gregory, 1967).
The particle trajectory is complex, being dependent on the non-uniform particle shapes and 
continually varying flow streams. It is hence extremely difficult to predict movement due to 
hydrodynamic effects. The Reynold’s number (Rg) has been used to characterise the 
hydrodynamic action, due to its influence on the velocity distribution, and hence shear field, 
within the pores. The effects of changes in Reynold’s Number on particle capture were 
investigated by Ives, who demonstrated that, whilst maintaining all other conditions constant, 
the filtration efficiency was affected (Ives, 1975). The Reynold’s Number can be determined 
from Equation 8:
Equation 8 Reynold’s number B
where vy= velocity of fluid at infinite distance from grain, m/s 
= spherical grain diameter, m 
py= density of water, 10^  kg/m^
Py= dynamic viscosity of the fluid, kg/ms
The approximate value of Rg in water filtration is one. Experimentally it has been shown that 
the hydrodynamic transport mechanism varies with Rg. However, due to the complexity of the 
mechanism, the use of the Reynolds number is less than perfect. The Reynold’s Number is 
dependent on many factors, such as particle size, the particles angle of rotation, particle 
velocity, shear gradient and frequency of shear flow (Ives, 1975; Ison & Ives, 1969). Ives 
(1975) stated that the particle’s angle of rotation, particle velocity, shear gradient and 
frequency of shear flow (but not the particle size) can each be expressed by the Reynold’s 
number. Hence, Ives suggested an amended, but conjectural, expression for the Reynold’s
189
Final Research Report
number:
Equation 9
where I = interception mechanism dimensionless group 
n,m = arbitrary exponent of I and Re respectively
2.5.I.7. Straining
Straining will occur when large particles, floes or high concentrations of particles approach a 
filter bed. A surface mat forms as a consequence of straining effects which results in an 
exponential increase in head loss, inducing shorter filter runs and reducing the performance/ 
production efficiency of the filter. Increased particle accumulation may occur on the surface of 
the filter bed resulting in ‘cake’ formation. This is a common problem with slow sand filters 
affected by algal growth within the supernatant.
2.5.I.8. Chemotactic
Living organisms may respond to changes in the chemical properties of the surrounding 
environment. Chemotactic responses are unlikely to be of major significance in turbulent flow 
conditions. However, in the systems under consideration, i.e. where laminar flow is present, 
chemotactic properties may be of greater importance, especially for transport through the 
viscous sublayer.
Due to the more favourable conditions often present within a biofilm structure, it is highly 
likely that many micro-organisms will be attracted to such sites. Such responses to external 
conditions may result in enhanced transportation efficiencies to media surfaces. Chemotactic 
characteristics may work in conjunction with other organism properties, e.g. motility, in order 
to move away from less-favourable or to more-favourable conditions, respectively.
2.51.9. Motility
Obviously the motility of a micro-organism would be expected to influence its transportation 
to a medium surface. If nutrients or other benefits can be attained from permanently or 
temporarily absorbing into a biofilm, the micro-organism is likely to want to overcome any 
chemical or physical resistance. Indeed, many motile bacteria will possess sufficient kinetic 
energy to allow them to overcome electrostatic repulsive forces (Ellwood et al., 1979). 
However, motility can only be of significance close to the contact surface since the flow rate in 
the bulk fluid is likely to be too great for bacterial motility to have any significant effect.
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An organism’s motility is not constant and may alter during its life due to external influences. 
Under starvation conditions certain bacteria have been observed to increase their swimming 
speed, whilst their length of random free runs was slightly reduced, possibly as a consequence 
of other changes, such as reduced cell size (Mueller, 1996). It is believed that the reason for 
this response is to increase the efficiency of the bacterium during its search for nutrients. 
Motility may greatly influence the displacement of organisms through the bed, increasing 
competition in high nutrient zones or dispersal through other zones.
Mueller (1996) stated that the difference in diffiisivity transportation between motile and non- 
motile cells may be as high as four orders of magnitude, with non-motile cells being more 
likely to ‘stick’ than motile cells. Such results dispute the importance of flagella for 
transportation. However, it still remains likely that flagella improve the transportation of cells, 
hence increasing the likelihood of their attachment (Mueller, 1996). Additionally, flagella can 
often assist in the attachment of a cell to a surface.
2.5.1.10. Combined Effects
Generally, larger particles are transported to the filter grain by gravity and interception whilst 
smaller particles are influenced by diffusion. Yao et al. (1971) stated that minimal capture, 
within clean beds, occurs for particles of approximately 1pm diameter, since they are 
generally too large for diffusion and too small for gravity effects. O’Melia (1985) stated that 
the minimal particle capture window originally reported by Yao et al. might actually be much 
wider, covering particles up to a few micrometers in diameter. This is in agreement with 
research carried out by the author, which gave minimal particle size capture efficiency, for 
biologically active up-flow gravel prefilters, in the range of 2 to 2.25pm (more details given in 
Part 2: Section 5).
It is important to note that many bacteria are within this size range, and hence can prove to be 
the most difficult particles to remove. However, particles too large for diffusion effects to be 
significant but of densities too close to that of water to be transported by sedimentation 
mechanisms, are still removed during filtration. Ives and Gregory (1967) suggested that such 
particle capture is due to hydrodynamic effects. They postulated that the method of capture 
was possibly a consequence of particle inertia or the development of asymmetry forces acting 
on the particle. Highly active biological filters may involve other biological particle capture 
mechanisms, giving improved bacterial capture performance.
2.5.2. Attachment Mechanisms
For particle capture to occur, particles transported to the grain surface must also attach to the 
surface of the grain. Attachment occurs mainly due to forces existing between the particles and 
grain, or particles and previously removed particles. Attachment forces, as defined by
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traditional filtration theory, are primarily dependent on the surface characteristics of the 
particles and media and also on the solution chemistry. The forces operate over short ranges, 
generally less than 0.1pm (Ives, 1980). However, in biologically rich systems other 
mechanisms may assist in overcoming physico-chemical effects, many of which are the result 
of bacteria polymer production.
2.5.2.I. Electrical Double Layer Interactions
Electrical potential differences often occur between different phases, e.g. particle and the 
suspension. The overall interfacial potential difference between two touching phases is 
referred to as the Galvani potential, and is given in Equation 10 (Gregory, 1975):
Equation 10 Galvani potential (j) = + x
where (j) = Galvani potential
\)/o = Volta potential, due to the unequal charge division between two phases 
X = Chi potential, caused by the orientation of electric dipoles at the interface. 
Gregory (1975) said that interfacial potentials may arise due to five mechanisms:
1. Unequal Dissolution of Constituent Ions: This mechanism takes into consideration the 
relative solubility of the different components of a crystalline solid once in water. Some ions 
move into solution more easily than others, which will alter the electrical charge of the crystal. 
A stage will arise when the charge on the particle is zero, this is referred to as the ‘point of 
zero charge’ (pzc).
2. Ionisation of Surface Groups: This mechanism refers to particles where surface ionisation 
may occur when in water. Surface ionisation is dependent on the pH of the solution, the 
majority of biological particles have a pzc in the acid region and are hence negatively charged.
3. Isomorphous Substitution: Certain particles may become more negatively charged as a 
result of surface cations being substituted by similar sized, but lower charged, cations. 
Isomorphous substitution can occur on clay particles, notably when Al^ '*’ cations are replaced 
by Mg^ '*’. Consequently, such particles will have a resultant negative charge.
4. Specific Adsorption of Ions: Particles will adsorb surface active agents, surfactants, due to 
the hydrophobic nature of the surfactant tail. As a result, the particle’s charge will tend 
towards that of the adsorbed compound. In general, anions are more easily adsorbed than 
cations, since cations are more strongly hydrated in water. The overall result is the increase in 
negative charge on the particle.
5. Dipole Orientation: Unevenly dispersed charges on net non-charged molecules may cause 
adsorption due to preferential orientation of the developed dipole.
Electrical double layer (EDL) interactions will be induced due to charges on particles (for
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micro-organisms these are usually COO’, PO^^’ and groups) being neutralised by
oppositely charged ions drawn from the bulk fluid. The variation in potential at the interface of 
a particle in solution is dependent on the excess ionic charge, i.e. the diffuse part of the double 
layer. At low ionic strengths particle repulsion can occur at considerable distances (Gregory,
1993).
The net charge on the majority of micro-organisms is negative, many types of media, e.g. 
sand, also possess negative charges. In such situations there will be a repulsive force between 
the organism and media. Where repulsive forces are significant, the deposition rate of particles 
is greatly influenced by the particle size. As the particle size increases, the energy barrier 
(which results from the combination of EDL and van der Waal’s forces) also increases, 
resulting in a reduction in deposition efficiency. Theory states that for situations where 
repulsive forces are involved, particle deposition of large particles (i.e. greater than 2p,m) is 
greatly affected by ionic strength and surface potentials (Elimelech, 1994).
During attractive EDL interactions the influence of the energy barrier is removed. EDL 
enhancement has been shown to be greatly influenced by ionic strength, which should 
generally be less than lO’^ M for enhanced deposition. At such low ionic strengths, the distance 
over which EDL interactions are effective can be large, i.e. for particles influenced by 
Brownian forces, at low ionic strengths, the diffuse layer is of similar thickness to the particle 
diameter (Elimelech, 1994).
As particle size increases, up to say 2pm, the enhancement in deposition rates due to EDL 
forces increases. The influence of EDL interactions for particles greater than 2pm is not so 
obvious. This may be justified by the greater beneficial influence of other transport 
mechanisms on larger particles (Elimelech, 1994).
2.S.2.2. Stern Layer
Different approaches have been made to model double layer effects, each with their own 
assumptions. The Stem-Grahame model (Gregory, 1975) considers a layer of tightly held 
counterions next to the interface, referred to as the Stem layer. The volta potential reduces 
rapidly across this layer, from %  to \|/g, where ô is the thickness of the Stem layer (typically
0.5nm). \|/o decreases as the ionic strength increases due to the accumulation of counterions in 
the Stem layer. Continual increase in adsorbed cations may result in charge reversal, i.e. \|/o 
and ij/g are of different sign (Gregory, 1975). Although the Stem layer cannot be directly 
measured, it is believed to be approximately equal to the zeta potential (more details in 
Chapter 2.5.2.4.) (Gregory, 1993).
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2.S.2.3. Steric Repulsion
The adsorbed layer has generally been considered to hinder attachment due to covering the 
media surface. The depth of the adsorbed layer relative to particle size is immensely 
important, due to its ability to stabilise the media and decrease van der Waal’s forces by 
increasing separation distances (Gregory, 1975; Gregory, 1993). Chains of attached material 
may also form, so that further attachment could only happen as a result of inter-penetration of 
adsorbed layers. The overlap of hydrated chains would necessitate a certain amount of 
dehydration, inducing a corresponding increase in free energy and particle repulsion. This is 
often referred to as ‘steric repulsion’, and may be a significant mechanism.
Polymers have a great affinity for solvents, e.g. water. This affinity can inhibit attachment by 
inducing repulsive forces between polymers. The affinity of polymers for solvents may 
encourage bacterial cells to stay separate both within the bulk fluid and also once adsorbed. 
Repulsion forces may arise between surfaces due to the polymers saturating both surfaces and 
developing an exclusion volume. Steric forces are highly dependent upon polymer 
concentration as well as the surface characteristics (Marshall, 1985).
Such forces make it seem unlikely that cells of polymer covered bacteria would attach to a 
surface already coated with polymer. However, multilayers of bacterial cells have been 
observed on media surfaces. One explanation is the possible influence of bacterial 
reproduction within the attached layer, which may explain the observed increase in population 
numbers (Robb, 1984). Steric forces may be large when compared with electrostatic forces 
(Ellwood et al., 1979).
2.S.2.4. Electrokinetic Phenomena and Zeta Potential
In the diffuse part of the double layer, limited charge flow occurs, resulting in electrokinetic 
effects. The potential at the ‘slipping plane’, i.e. the interface between the fixed and mobile 
parts of the layer, is referred to as the zeta potential. This potential is used to define 
electrokinetic phenomena. Electrokinetic phenomena may take the form of streaming 
potential, caused by the build up of charge when a solution is forced through a porous plug of 
material, or sedimentation potential, caused by the charge acquired when particles fall through 
a solution (Gregory, 1975).
The streaming potential may be applied experimentally to determine the zeta potential of 
media, and may play a role in filter performance. If the zeta potential and the ionic strength of 
the solution can be determined, the attractive or repulsive electrical potential energy can be 
determined, as a function of separation distance. Expressions have been developed to 
determine interactions between surfaces of unequal zeta potentials by adapting plate-plate 
interaction theory. Ives and Gregory’s simpler expression gives a good approximation only 
when zeta potentials are quite small and not greatly different (Ives & Gregory, 1967). Gregory
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(1993) gave an approximation for the electrical interactive energy per unit area, Er, as: 
Equation 11 Electrical interactive energy = 2%8ÇiÇ2®^P(“ X^)
where Çj, Ç2  = zeta potentials of material 
e = permitivity of solution 
d = separation distance 
X = Debye-Hiickel parameter (m*^ ) 
for an aqueous electrolyte solution at 25°C:
X = 2.3x10^
where Cj = molar concentration zj = valence of ions
Increasing the ionic strength of the solution results in decreasing the effective repulsion range 
and the zeta potential. Consequently, the repulsive force is reduced at a given separation 
distance.
Models developed to determine electrical potentials have been based around the assumption of 
homogeneous particles and constant potential or, to a lesser extent, constant surface charge 
density (Packham, 1967; Gregory, 1975). Such assumptions are not valid. An alternative 
approach is that of Linear Superposition Approximation (LSA), where independent potentials 
at a point, due to each particle, are considered separately and their effects summed. This 
approach may yield the most realistic results, although it can only be applied for large 
separations (Gregory, 1975).
2.S.2.5. Van der Waal’s Forces
All particles suspended in the bulk fluid will be subjected to van der Waal’s attractive forces. 
Van der Waal’s forces play an important role in attachment and agglomeration. As particles 
approach the medium surface electrical repulsion forces increase and the drag force exerted on 
them approaches infinity. Consequently, particle attachment would not occur without the aid 
of long range van der Waal’s forces. Van der Waal’s forces generally have an effective range 
less than 0.05pm (Ives & Gregory, 1967). This is significantly greater than the range of 
electrostatic repulsive forces discussed above. Van der Waal’s forces for molecules can be 
categorised into three groups (Gregory, 1975):
1. Orientation or Keesom effect: Molecules with permanent dipole moments will orientate 
themselves to maximise the electrical attraction. This orientation may be opposed by the 
thermal energy of the molecules. This is can be defined by Equation 12:
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Equation 12 Orientation effect ^  _  ^^1^2
3R t /
where U = electrophoretic mobility (m^/sv) 
u J and « 2  = dipole moments (C m)
R = Boltzmann’s constant (1.38 x lO'^^J/K)
T = Absolute temperature (K) 
d = distance between centres of molecules (m)
2. Induction effect: A molecule with a permanent dipole may induce a permanent moment in a 
non-dipole molecule, depending on the polarizability (z) of the non-dipole molecule. The 
effect may be determined by Equation 13:
Equation 13 Induction effect U = ^
/
where Z] and Z2  = polarizability (m'^)
3. Dispersion effect: Attractive forces can occur due to fluctuating dipoles, arising due to the 
random movement of the molecules’ electrons. The energy is defined by Equation 14:
Equation 14 Dispersion effect ^
4 /
where h = Plank’s constant (6.63 x lO'^ "* J s) 
f l  = frequency of molecule (s’ )^
Interactions between particles are similar to those between molecules. However, only the 
dispersive interaction is effective over a significant distance. Van der Waal’s forces between 
particles are commonly referred to as Dispersion interaction (Gregory, 1975). Unlike electrical 
potential attractive/ repulsive forces, van der Waal’s forces cannot be chemically altered. The 
relevant forces between particles are additive and, for the majority of materials in water, 
attractive.
The effects of van der Waal’s forces can be determined either by considering the 
intermolecular forces (the Hamaker approach) or considering the macroscopic bulk properties 
of the interacting media. The attractive energy, symbolised by a negative coefficient, between 
a sphere of material 1 and flat plate of material 2, as defined using the Hamaker constant is
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given in Equation 15 (Ives & Gregory, 1967; Gregory, 1993):
Equation 15 Attractive energy ^
^  ~ 6d
where ^ i2 ~  Hamaker constant 
a = sphere radius
d = separation distance; equation only applies if d « a
The Hamaker constant can be determined using Equation 16 (Gregory, 1975):
Equation 16 Hamaker constant A n  =
32vj +
where wj and « 2  = limiting refractive indices of media
vj and V2  = dispersion frequencies of media
h = Planck’s constant (6.63xlO’^ '^ Js)
Where a medium, such as water, is also considered, the Hamaker constant is modified as 
follows:
Equation 17 ^132 = ^1 2 '‘■^33 “ ^13 “ ^23
where the subscript 3 refers to the separating medium, i.e. water.
Gregory (1993) stated that most materials in aqueous dispersions have a Hamaker constant in 
the range of 0.3xl0’^ J^ to lOxlO'^^J. The accuracy of the Hamaker approach has been 
questioned, due to doubts concerning the validity of the assumption that interactions between 
molecules are additive. Scepticism has also been voiced about the use of the Hamaker constant 
as it considers frequencies in the ultra-violet range, and other frequencies may impose a 
significant contribution (Gregory, 1975). In addition, the accuracy of this approach decreases 
as the separating distance increases. Electromagnetic effects may cause retardation of larger 
particles and hence may require correction (Gregory, 1993).
2.5.2.6. Hydration
Particles with hydrophilic surfaces, such as many of biological origin, will have water 
molecules bonded to their surface. If particles are to contact, this layer of water must be 
penetrated, resulting in a repulsive hydration force. Hydration repulsion is effective over much 
greater distances than electrical repulsion and may effect colloidal stability (Gregory, 1993). 
Factors other than the organisms hydrophilicity may influence hydration repulsive forces, such 
as the surface chemistry of the media and the organism being transported. The distribution of 
hydrophobic sites over the organism’s surface can affect its interaction with the media surface.
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and hence its attachment orientation (Marshall & Cniickshank, 1973).
Conversely, hydrophobic particles (generally humic compounds; Collins et a l, 1992) will 
experience attractive forces. Water molecules are continually forming and breaking down 
clusters of molecules. Due to the aversion of hydrophobic particles to bond with water 
molecules, water molecules caught between two hydrophobic surfaces would be restricted in 
respect to the size of clusters they could form. The average lifetime of water molecule clusters 
is of the order of 10"^  ^ seconds, with the lifetime of clusters decreasing as the temperature is 
raised. The resulting increased free energy would encourage the water cluster to migrate into 
the bulk body of the water, allowing the hydrophobic surfaces to contact.
2.5.2.7. Hydrodynamic Combined Effects
The influence of electrical charge on colloidal particles is much more significant than on 
larger particles where van der Waal’s force may play a more important role. The DLVO theory 
(developed independently by Deijaguin & Landau [1941], and Verwey & Overbeek [1948]) 
considers the combined influence of surface charges on the formation of repulsive forces 
between particles, and the influence of attractive van der Waal’s forces on particle 
aggregation. Collision efficiencies are highly dependent upon the surface charges of particles 
and media and also on the ionic strength of the bulk fluid.
DLVO effects are said to increase with the diameter of particles but decrease with the diameter 
of the medium (Boiler, 1993). They help to explain why negatively charged particles can 
adhere to a negatively charged surface, usually between a distance of 1 to lOnm from the 
surface (Ellwood et a l, 1979). The effects of van der Waal’s forces and electrical forces on 
particles can be added, resulting in the net interactive energy profile shown in Figure 5 
(Gregory, 1993).
Due to the direct relationship of the distance of a particle from the medium surface on the 
magnitude of attractive/repulsive forces, an energy barrier is established close to the medium 
surface. Ives (1980) showed that the repulsion hump for a typical sample of Thames water 
occurred at about 0.01 pm separation between the particle and medium. The energy required 
for penetration of this barrier must be attained either from the particle itself or from 
bombardment by another particle. Forces produced through Brownian motion (i.e. bacteria 
transport) would be inadequate for a particle to cross the barrier.
Whether the particle can cross the repulsive barrier depends on its original kinetic energy. 
Reductions in the kinetic energy occur due to hydrodynamic effects (Ives, 1982). To increase 
particle capture efficiency it is necessary to minimise the height of the energy barrier. This 
may be achieved by increasing the suspension’s ionic strength, which would result in 
decreasing the depth of the diffuse layer (Gregory, 1993).
198
Final Research Report
electrostatic repulsion 
van derWaals attraction 
net interactive energy
'secondary minimumirimary well
-25
0 2 4 6 8
Separation distance (nm)
Figure 5 Interaction energies between equal spherical particles as 
a function of separation distance (adapted from Gregory, 1993)
Particles which deposit within the secondary minimum will experience reversible adhesion, 
whilst particles that deposit within he primary well generally experience irreversible adhesion 
(O’Melia et a i, 1996). However, before a particle can adhere to a medium surface it must 
displace the water film layer at the attachment point. The resistance exerted by the film of 
viscous water may prevent attachment from happening. Increasing the temperature of the 
water, and hence reducing its viscosity, will reduce the effect. Such hydration repulsion effects 
may prevent permanent attachments from occurring (Ives, 1982).
A secondary minimum will also occur, at a distance of approximately 5nm to lOnm from the 
surface (Ellwood et al., 1979). This minimum is caused by the more rapid decrease in 
electrical repulsive forces than van der Waal’s forces, with distance from the filter medium. 
Such effects were said to be effective for relatively large particles, i.e. greater than about l|Ltm 
(Gregory, 1975). Hence, moderate changes in surface charge or in extracellular material may 
induce significant changes in the magnitude of the secondary minimum. This may assist in 
explaining preferences of interactions, such as cell-cell recognition or specific aspects of 
deposition.
Although secondary minima forces are relatively weak and unlikely to directly result in 
permanent adhesion, they may cause the particle to stall long enough for biological 
mechanisms to operate. These mechanisms could result in irreversible bonding, possibly 
through the development of polymer bridging (Chapter 2.5.2.8.). During the intermediate 
stage bacteria will still be able to exhibit Brownian motion. Cells producing probes, which are 
able to reach a distance from the surface where hydrogen or ionic bonds can form, may be able
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to adhere. Such ‘probes’ may take the form of bacterial fimbriae, pili and flagella (Chapter
2.3.1.) (Ellwood et al., 1979).
The kinetic energy of particles may allow them to pass through the electrostatic energy barrier 
surrounding the media, in order for initial contact to take place. It is possible that if this energy 
is too great and the media surface is inelastic (no biofilm layer) a rigid particle may hit the 
surface and ‘bounce’ back into the bulk fluid before attachment can occur. If the particle now 
approaches a biofilm covered medium, its energy and rigidity may allow it to displace the 
highly viscous fluid between polymers, allowing attachment to occur.
Even after initial contact, many particles will still retain kinetic energy, due to the rotation and 
translation of the particles. If this kinetic energy does not result in the particle being lost back 
into the bulk fluid, as explained above, it may force the particle to be displaced along the 
contact surface, for a distance up to several nanometers. This will continue until some of the 
kinetic energy is transformed into potential energy acting against the attractive van der Waal’s 
forces and the remainder dissipated by drag forces.
The elasticity of a particle is important with regard to its influence on the adhesion strength. A 
fully elastic particle will store its energy after contact, only releasing it when the bond with the 
surface is broken. Alternatively, viscoelastic particles will be able to slowly release energy 
whilst the contact is held, i.e. it will undergo plastic deformation. The more a particle is able to 
deform the stronger the attached force. Mammalian cells normally deform more than bacteria, 
although bacteria may induce deformation of tissue cell walls (Ellwood et at., 1979).
2.5.2.S. Polymers
The extracellular polymers (EPS) produced by bacteria can improve attachment efficiency 
through many means. Chemical mechanisms can be influenced or overcome by polymer 
interactions, possibly by adjusting repulsive electrostatic forces and critical surface tensions 
towards a value that may encourage or permit bacterial adhesion (Bryers, 1987). 
Polysaccharides assist attachment either by forming a glue or by forming hydrogen bonds with 
previously adsorbed substances. A third option is possible with acidic polysaccharides, 
through formation of ionic bonds with metal ions on the media surface (Ellwood et at., 1979).
Many micro-organisms and media surfaces are negatively charged. Hence, repulsive forces 
are likely to develop, inhibiting attachment. Polymers are often equal to, or greater in length 
than, the range over which electrostatic and van der Waal’s forces may be significant (Robb, 
1984; Ellwood et at., 1979). Polymers adsorbed onto a surface may attach to an approaching 
surface, which may also contain polymer. This physical connection between the two surfaces 
will increase the attachment force, and is called polymer bridging. Such characteristics may 
form the first stage towards irreversible adhesion (Marshall & Cruickshank, 1973).
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Bridging polymers can assist attachment to a surface, where bacteria and other micro­
organisms will be exposed to greater concentrations of nutrients. This more favourable 
environment will allow greater opportunity for the organisms to metabolise organic 
compounds and will also afford protection from predators and toxins. Many bacteria in natural 
aqueous habitats are nutrient deficient and the bridging polymers they produce may be of 
major importance in their survival.
Although polymers are generally produced by attached bacteria, research has shown that 
bridging polymers can be produced by bacteria whilst still in the bulk fluid (Fletcher, 1980). 
Polymer bridging has also demonstrated an important ability to assist in the flocculation of 
colloids (Ellwood et al., 1979). Conditions most likely to induce polymer bridging are surfaces 
with relatively low coverage of polymer, macromolecules which extend from the surface into 
the bulk fluid and which also have high surface mobility. Under other conditions, e.g. surfaces 
saturated with polymers, other attachment mechanisms are more likely to occur (Ellwood et 
al., 1979).
The interactions that occur within a biofilm, possibly due to the influence of produced 
polymers, are much more complex than interactions that may occur in their planktonic form. 
This is in part a response to the close proximity of cells, but such interactions show a degree of 
communication and co-operation unusual to such organisms. Research has also shown that 
dead bacterial cells can form attachments with surfaces, suggesting passive mechanisms are 
responsible. However, it should not be overlooked that cell damage may have occurred when 
they died. The damaged cells could potentially release polymers, which may have enhanced 
the ‘stickiness’ of the cells and increase their ability to attach (Marshall, 1985).
Firm attachment may result from commensual interactions, where one species produces an 
exopolymer that enhances the stability of another species. Alternatively, interactions may 
occur between polymers produced by different species (Sutherland, 1983).
2.5.2.9. Reversible to Irreversible Adhesion
The mechanisms that have been discussed above, may bring about either reversible or 
irreversible adhesion between a surface and micro-organism. It has been said that bacteria 
present in natural habitats may not be capable of irreversible adhesion. However, other factors 
may be involved which may induce irreversible attachment. Irreversibly bound bacteria have 
demonstrated the ability to break down fatty acids. Non-adsorbed organisms may not possess 
such capabilities, however, they may still be able to benefit from the enriched biofilm and it is 
highly likely that they will undergo reversible adhesion (Marshall, 1985).
Reversible adhesion is often demonstrated by small or colloidal particles. Particles which are 
still able to exhibit Brownian motion are said to be reversibly adsorbed (Characklis, 1990b). 
The bonds forming reversible attachment are weak, and often operate over long ranges. Such
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forces may include van der Waal’s forces, electrical double layer forces, steric forces and to a 
limited extent, polymer bridging. The consequence of reversible adhesion is the desorption of 
organisms back into the bulk fluid.
Irreversible adhesion has been said to be time dependent, a state where bacteria are no longer 
influenced by Brownian motion nor able to be removed through washing. The longer a particle 
or organism is in contact with a surface, the more likely it is to remain attached (Gimbel, 
1989). The reasons for the increasing strength of such bonds may be due to slight 
modifications in the contact area, these modification may involve alterations to the surface 
roughness or changes to the conformation of adsorbed organisms (Gimbel, 1989).
Van der Waal’s forces can increase the strength of the bond with time depending on the 
particles rigidity. The longer a particle is in contact with a surface and exposed to van der 
Waal’s forces, the more likely it is to deform or ‘mould’ to the surface of the media. The 
energy lost through the change in particle shape is replaced by an increase in adhesion force. 
Such deformations have been observed on glass, metal and plastic particles, the response of 
bacterial cells is not clearly understood. It is believed that, due to the aqueous nature of the cell 
core, viscous changes are most likely to occur in the cell wall (Robb, 1984). Elastic 
deformation will not assist adhesion since once the energy source causing the deformation is 
removed the particle will return to its original form (Visser, 1995).
Irreversible adhesion may also be induced by surface structures, including pili, flagella, 
distinct holdfasts and extracellular polymeric substances (MacLoed et a l, 1995). Adhering 
organic polymers can have up to 10  ^sub-units, each with the potential to form a bond with the 
media. Generally, 30 to 60% of these units will form bonds with a surface (Bryers, 1987; 
Robb, 1984). It is extremely unlikely that all of these bonds would break simultaneously, 
reducing the likelihood of desorption (Bryers, 1987; Robb, 1984; MacLoed et a l, 1995). 
Hence polymer production not only improves attachment but also reduces the likelihood of 
detachment of cells.
2.5.3. Detachment Mechanisms
If attachment forces exceed effects of negative zeta potentials the particle will remain 
attached, and stronger mechanical forces will be necessary for detachment to occur. Gimbel 
(1989) investigated the influence of attachment time on the capture and retainment of 
particles. It was demonstrated that the longer a particle was attached to the medium, the less 
likely it was to detach. However, particles may undergo continuous attachment, detachment 
and in biological systems, growth, and it is the relative significance of these mechanisms that 
is important.
Detachment is influenced by physical characteristics of the media and particles, and more 
importantly the properties of organisms and biofilm growth rate (van Loosdrecht et a l, 1995).
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In any system there will be a limit as to how much biomass it can support before either the 
resistance to flow is to great for the system to operate or the biomass detaches and penetrates 
deeper into or passes through the system. Biofilm properties, such as extracellular 
polysaccharide production, strength, elasticity and sorption capacity, influence which 
detachment mechanisms are most likely to occur (Nicolella et a l, 1997). Factors external to 
the biofilm will also influence the detachment process. Desorption rates are highly dependent 
upon adsorption rates, which themselves are dependent on suspended cell concentration and 
shear stress (Cunningham et a i, 1990).
2.5.3.I. Shear
Detachment is a result of deposit instability. Certain conditions, such as high flow rates or 
sudden changes in flow rate, may result in detachment of particles from the media surface. 
Such mechanisms are relied upon for washing of gravity filters. Wash velocities greatly 
exceed those used during normal operation, where steady state conditions are maintained for 
efficient filter performance. Detachment is mainly caused by an increase in the liquid shear 
stress at the liquid-deposit boundary. The Shear stress is given by Newton’s equation (Ives, 
1980):
<dv.
Equation 18 Shear stress % = p,!
J r
where T = shear stress
= local velocity at a radial distance r measured from the centre-line axis of a 
filter pore.
As the velocity increases and pore size decreases (due to particle accumulation), the shear 
stress T will increase (Payatakes et al., 1981). However, this approach gives no information on 
the relative shear strengths of the particles. Polyelectrolytes and naturally occurring polymers 
yield higher shear strengths than other particle bonds, and hence can reduce the likelihood of 
detachment occurring (Ives, 1980).
Shear forces may be partly responsible for the surface profile of biofilms. Experimental 
observations have shown that under low shear conditions, the biofilm surface roughness 
increased. This is due to low shear conditions generally resulting in more heterogeneous 
biofilm structures with greater numbers of protuberances (van Loosdrecht et al., 1995). 
Conversely, high shear conditions lead to the development of patchy biofilms, where 
protuberances may not be permitted to grow. Shear forces will also affect the density of the 
biofilm, with high shear forces sloughing off newly formed, less-dense biofilm (van 
Loosdrecht etal., 1995).
Where conditions are favourable for growth and reproduction, daughter cells may be 
produced. The newly formed cells may move to the surface of the biofilm to extend biofilm
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clusters, where they are exposed to surface shear forces. Under high surface shear conditions 
the cells may actively move through, or on the surface of, the biofilm. The shear forces drag 
them along the surface interface (Boyle et a i, 1997). Cell motion will stop either when the 
shear force is less or greater than the attachment force, resulting in reattachment or detachment 
respectively. It is still uncertain whether the moving cells are continually loosely attached to 
the biofilm as they are dragged along or whether they travel within the fluid sublayer to be 
resorbed further along the biofilm (Boyle et a l, 1997). It is possible that both mechanisms 
exist, and are dependent upon the cell type, biofilm properties and the surrounding 
environment.
Individual cell motion is not the only possible means of detachment caused by the extension of 
biofilm clusters. Irregular biofilm formation, e.g. development of biofilm clusters, may 
eventually protrude through the biofilm boundary layer. These protuberances cause 
perturbations in the fluid flow regime, increasing drag resistance and possibly inducing eddies 
(Lappin-Scott et a i, 1993). Depending upon the strength of attachment of the micro-organism 
or clusters of cells, detachment may occur through fluid shear or particle abrasion (Bryers,
1994). Conversely, the influence of biofilm penetration into the boundary layer may result in 
more particle attachment, through direct contact with the bulk fluid (Lappin-Scott et al., 
1993). Hence, the detachment rate would be expected to be greater in growing biofilms than in 
non-growing biofilms, since protuberances will be formed and greater sloughing will occur 
(van Loosdrecht et al., 1995).
Small surface irregularities, which do not affect the laminar flow conditions, will be subjected 
to compression and decompression forces on the upstream and downstream sides respectively. 
Protuberances with surfaces of high elasticity will be deformed, consequently increasing the 
imposed stress (Wilcock et a l, 1997). ‘Streamers’ that may form under such conditions and 
subjected to laminar flow conditions, would experience forces, which would increase with 
distance away from the biofilm surface. At the extremities of these streamers it is likely that 
the fluid force will exceed the cohesive force, resulting in the fracturing of the streamer tips. 
For similar conditions where the protuberance is less elastic, sloughing could be expected to 
occur, generally at fault lines within the matrix (Wilcock et a l, 1997).
2.S.3.2. Grazing
Grazing is a consequence of predation by protozoa on species of bacteria. It often results in 
preferential removal of specific species depending upon the feeding preferences of the 
protozoa involved (Rodgers & Keevil, 1995). Grazing may be important in maintaining the 
active and healthy physiological state of biofilm bacteria (Characklis e ta l, 1990a).
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2.S.3.3. Migration/Motility
Just as motile cells may adsorb onto surfaces in search of more favourable conditions, i.e. 
increased nutrient levels, they may also decide to migrate away from surfaces. Active 
detachment may arise as a result of physical stress (cell motility) or biological processes 
(enzymatic attack which may enhance sloughing) (Wilcock et a l, 1997). Conditions which 
may induce such responses include accumulation of toxic metabolic by-products, changes in 
pH, insufficient diffusion rates of nutrients and/or excessive competition (Rodgers & Keevil
1995). Migration can assist the dispersal of genotypes and also expand the genetic diversity of 
the system.
Cell detachment may be enhanced by the motility of organisms (Characklis, 1990b). Motility 
may also decrease the likelihood of irreversible adhesion, since moving cells will not permit 
the strengthening of bonds which occurs with time.
2.S.3.4. Sloughing
Sloughing can be defined as the detachment of aggregates of cells together with their 
intercellular matrix, in a stochastic manner (Wilcock eta l, 1997). Sloughing is generally more 
significant in thicker biofilms (Characklis, 1990b). Organisms within mature biofilms may die 
due to inadequate diffusion of gasses and nutrients. These dead cells may weaken the biofilm, 
potentially resulting in the biofilm being sloughed.
Detachment through sloughing can be stimulated by many biological, physical and chemical 
conditions, often each interacting with the other. It is an extremely complex mechanism, 
which involves many processes such as abrasion, cell metabolism and the influence of surface 
profile and fluid motion. Abrasion is the result of intraparticle collisions, and is considered to 
be the main detachment mechanism for fluidized beds where the biofilms are thin and compact 
(Nicolella et a l, 1997).
Sloughing tends to produce rough surfaces, which may later be eroded to produce a smooth 
biofilm surface. Erosion of cells may be significant and involves the continual removal of 
individual cells or aggregates of cells due to fluid shear forces (Nicolella et a l, 1997; Wilcock 
et a l, 1997). The smooth surface, formed from erosion, may eventually slough and so a 
balance between sloughing and erosion may eventually be attained (Characklis et a l, 1990b).
2.5.3.S. Avalanche Effects
Detachment may also result from loosely attached particles being struck from the medium 
surface by a suspended particle. These particles can cause avalanche effects removing other, 
more firmly attached, particles (Ives, 1989).
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2.S.3.6. Starvation
Under certain conditions, additional resistance to detachment may occur, as has been observed 
under specific starvation conditions. Experiments have demonstrated that adsorbed P. 
fluorescens cells exposed to starvation conditions have increased resistance to detachment 
(Mueller, 1996). In certain situations, this resistance has expressed itself in the form of 
increased irreversible adsorption rates. Such responses may arise due to higher nutrient 
availability within biofilms, enhancing survival probability. However, the sticking efficiency 
of Pseudomonas fluorescens cells was not significantly greater after starvation, implying that 
the higher rate of adsorption was in effect due to improved transport of the cells to the solid- 
liquid interface (Mueller, 1996).
Certain conditions will result in biofilm detachment or micro-organism desorption. As the 
biofilm continues to grow there will be increased competition for nutrients. A stage will 
eventually be reached where the advantages of increased nutrient availability in a biofilm will 
no longer exist. Consequently, some cells may desorb and colonise new surfaces (Wilcock et 
a l, 1997).
2.S.3.7. Shedding of Biofilm
The weakening of the biofilm structure through its own growth and increased depth may result 
in destabilisation and consequently passive detachment (Bryers, 1994). Biofilms continually 
shed microbial cells, sometimes due to physiological factors or environmental factors. 
Shedding may occur diumally, caused by variations in cell metabolism due to the influence of 
changes in temperature or light. This ‘turnover’ of old cells may be an important factor in 
maintaining a healthy biofilm, and for micro-organism survival (Costerton et a l, 1995).
2.S.3.8. Destination of Detached Organisms
The properties and destination of the detached biofilm may still play a significant role in the 
systems life. If the cell biomass is still viable it could reattach and develop a biofilm further 
downstream, distributing the genotype and increasing the genetic diversity (Wilcock et a l, 
1997). If the biomass is no longer viable, and composed of say EPS, it may be used as a 
substrate for other bacteria (Nielsen et a l, 1992).
Large sloughs may contain a diversity of micro-organisms, which are still able to provide 
limited protection to their constituents. Such characteristics may make later reattachment and 
colonisation more likely, or may allow deeper penetration into the system. This may be of 
concern in say, water treatment systems, since it could potentially assist the penetration of 
pathogens through the system (Wilcock eta l, 1997).
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2.6. Mathematical Models
Much work has been carried out with the aim of developing a reliable model for assessing 
particle capture efficiency within filter beds. Such models rely greatly on simplifications and 
assumptions. The majority of filtration models assume clean bed conditions, although some 
consider the influence of deposition. The microscopic or trajectory approach considers the 
forces and moments occurring around a single collector medium or within an interstitial pore, 
whilst the phenomenological macroscopic approach considers the whole bed and requires 
empirical, or semi-empirical justification.
Particle capture within a filter bed can be separated into two main stages. The first stage occurs 
under clean bed conditions. Secondly, ripening occurs through the increase in contact area due 
to previously retained particles (Ives & Gregory, 1967). As filtration continues, increasing 
numbers of particles are deposited which decrease the size of the interstitial pores, resulting in 
increased flow rate through the pores. Avalanche effects may contribute to the detachment of 
such particles, and a balance or level of saturation may be attained within the filter bed.
2.6.1. Trajectory Modelling
Particle capture mechanisms are extremely complex and difficult to predict; hence their use 
for design purposes is limited. Mathematical models have been determined through the 
understanding of trajectory theory for the assessment and design of filters. These models have 
developed semi-empirically.
2.6.1.x. Particle Transport
Bouwer (1987) considered particle capture in biofilm systems. He said particle transport could 
be expressed as the product of the overall particle transfer coefficient, k^, and the particle 
concentration, C. Particle capture can be expressed in terms of the particle transfer coefficient, 
k[) (Equation 19).
Equation 19 Effective rate of capture = a^k^C
where = number of permenant contacts between suspended particles and biofilm
divided by total number of collisions
C = particle concentration
O’Melia (1985) gave values of a  for coagulation and flocculation systems in natural lakes 
ranging between the ideal value of 1 (for a completely destabilised system) and 0.001. For 
biological systems the value of a  is likely to range between 0.1 to 0.001, where stable particles 
have small a  values.
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Bouwer (1987) proposed two means of determining kp. Firstly, by assuming a zero or first 
order process and/or empirically fitting the particle transfer coefficient to particle capture data. 
This is a greatly simplified approach that will only be applicable to specific systems. 
Secondly, mass-transfer correlations could be generalised in order to yield an independent 
prediction. However, this second approach makes it difficult to determine particle behaviour 
in biofilm systems since no reliable measurement systems are available.
Bouwer used flat-plate geometry for modelling biofilm systems with media of low surface to 
volume ratio and large void spaces. The examples of such systems given were for trickling 
filters and rotating biological contactors. Although these systems are both employed in waste 
water treatment, it is postulated that ripe gravel filters, as used in research carried out at the 
Shalford pilot plant (Part 2: Section 5), would also be appropriate examples for such a model. 
In such instances, laminar flow would be maintained for Reynold’s numbers less than 5x10^, 
where the Reynold’s number is calculated considering the distance from the edge of the 
horizontal plate. The correlation for the particle transfer coefficient was defined by Bouwer 
(1987) as:
1 1
diEquation 20 Particle transfer coefficient = 0 . 6 7 8 ^
where L = length of the flat plate surface area tangential to the flow 
D(jif = particle diffusivity in bulk fluid (m^/s)
Rg = Reynold’s number
Sc = Schmidt number = kinematic viscosity/
Bouwer (1987) used the definition for gravitational velocity, defined in Equation 5, and 
Equation 20 to show that minimal particle transport to a biofilm surface occurs for particles of 
l|Lim diameter.
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Figure 6 Effect of particle size on particle transport coefficient, deposition occurring 
on a horizontal plate of length 0.1m tangential to flow (adapted from Bouwer, 1987)
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2.6.12. Single Collector Efficiency, Tj
Single-collector efficiency, T), determines the ratio of the number of particles that strike a 
single collector to the rate at which particles approach the collector. The single collector 
efficiency is dependent upon many parameters, including the filtration velocity, media size, 
water temperature as well as the size and density of suspended particles. Equations that define 
the transport mechanisms for diffusion, sedimentation and interception for a single-collector, 
are given in Equation 21, Equation 22 and Equation 23 (Yao et al., 1971; Amirtharajah, 1988).
Equation21 Diffusion _  3 _  Aof — V
ti^ _ 4 . 0 4 P ,
Equation 22 Gravity tIa = — = —
Vy ISjXVj
2
/d
Equation 23 Interception T|/ = l.Sf ^
m
where = Peclet number (Equation 3) /? = Boltzmann’s constant
T = Absolute temperature p = viscosity of fluid (water)
dp = particle diameter = medium diameter
vy= bulk fluid velocity = particle settling velocity
pp = particle density py= bulk fluid density (water)
g = acceleration due to gravity
Equation 21, Equation 22 and Equation 23 assume clean bed conditions, with no influence 
from hydrodynamic retardation and van der Waal’s forces. The exclusion of influences of 
hydrodynamic drag forces acting on a particle is based on the assumption that such forces are 
equally balanced by attractive van der Waal’s forces. Such theoretical assumptions agree well 
with practice where diffusion forces are dominant. However, theoretical agreement breaks 
down for situations involving interception and gravity mechanisms. The influence of 
diffusion, hydrodynamic and van der Waal’s forces on particles capture by sedimentation are 
given below in Equation 24, Equation 25 and Equation 26 (Bower, 1987).
2 1 _2
Equation 24 Diffusion = 4 (l-e )^ A ^ P ^ ^
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Equation 25 Gravity t[q = (3.375x10 ^)(1 - e ) %
2 1 15
Equation 26 Interception = ( 1 -  £) “?
XPp-P)gd]
18pVy
2_ 1.2
where Ni^ = London group representing van der Waal’s forces, 4A/(9 Jtp dp  ^Vf)
A g = Hamaker constant in ergs = 2(1-  y^)/ (2 - 3y + 3y  ^- 2y^) where y = (1 - 
8 = bed porosity
This was later summated to give an expression for the single collector efficiency for a clean 
bed, assuming transport resulting from diffusion, interception and gravity mechanisms 
(Bouwer, 1987):
Equation 27 Total single collector efficiency r|^ = Tl/) + +
2.6.I.3. Head Loss
The head loss through a filter can be determined, considering the flow rate (according to 
Darcy’s Law), the effects of medium diameter, d^, and porosity, 8, according to the Kozeny- 
Carman equation (Equation 28: Ives, 1980).
2
Equation 28 Kozeny-Carman equation = 5 — Ü —
where: [dH/dLlç, = hydraulic gradient, for clean bed
p = viscosity of water 
p = density of water 
V = approach velocity 
g = acceleration due to gravity (9.81 m/s^)
dffi may be modified to \^d^, to take into consideration the sphericity of the 
medium. (\j/ = shape factor/sphericity, typically 0.85 for sand).
As particles accumulate on the surface of the filter media, the Kozeny-Carman equation, 
which calculates head loss assuming clean bed conditions, becomes unsuitable. Attempts have 
been made to adapt the equation in order to consider effects of changes in porosity and 
medium diameter as the specific deposit within the filter bed increase. However, as the 
deposits tend to imply an increase in medium diameter and hence increased porosity, the
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equation yields a reduction in head loss rather than the expected increase (Ives, 1980). It may 
be useful for future models to consider the shape factor of the filter medium, and introduce a 
relationship between the medium shape and interstitial pore size. Modifications to the Kozeny- 
Carman equation which consider the effect of the specific surface term can be reduced to the 
approximation given in Equation 29.
Equation 29
Equation 29 has been seen to agree with observations (Ives, 1980). Head loss at a specific time 
can hence be related to the original head loss plus a function of the specific deposit. Integration 
of Equation 29 yields a close approximation for the total head loss, H, for filters generally 
removing greater than 99% of the suspended particles:
Equation 30 H =  Hq + UvCoI
where /: = coefficient
a  = specific deposit 
V = approach velocity 
C = particle concentration
Plotting Equation 30 yields a profile of head loss variation with time. A well designed filter 
should aim to minimise the formation of a surface mat deposit on top of the filter, represented 
by a curved line in Figure 7, a linear profile indicates that depth filtration has occurred (Ives, 
1982). Head loss development is greatly dependent upon media size, filtration rate and the 
particle concentration.
I
i
Time (hours)
where Hg = Headloss due to surface deposits 
Hj = Headloss through bed depth 
Hg = Initial headloss
Figure 7 Headloss development with time (adapted from Ives, 1982)
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2.6.2. Phenomenological Modelling
Macroscopic rate expressions, used during phenomenological modelling are discussed below.
2.6.2.I. Filter Coefficient, X
The filter coefficient is an expression derived to represent the capture of particles through the 
filter bed, given as the change of particle concentration, C, with depth, L. Iwasaki (1937) 
defined the filter coefficient, considering mono-disperse suspensions as:
Equation 31 XC =
oL
In design purposes, X is determined experimentally, normally using model-scale tests (Ives, 
1980). Equation 31 demonstrates that particle capture through a uniform, clean bed is 
logarithmic with respect to depth. As particles accumulate within the filter bed, changes occur 
in X. The effects of particle accumulation with respect to time in the bed cannot be determined 
from Equation 31.
Changes to transport, attachment and detachment mechanisms with time are uniquely related 
to the initial filter coefficient and the specific deposit, which is dependent both on the depth, L 
and time, t. Effects on the filter coefficient due to particle accumulation can be represented by 
(Ives 1980):
Equation 32 X = F{X^, c )
Tien and Payatakes (1979), stated that consideration should be given to the effects of deposit 
morphology. They proposed the following function to model the influence of particle 
deposition on the filter coefficient:
Equation 33 X = X^{x)fy^(a, C)
with fx(a,G) = 1
where = filter coefficient for clean bed conditions
X = parameter vector, incorporating interstitial velocity, medium size, density 
difference, etc.
a  = parameter vector, mode of deposit morphology
a  = specific deposit
This macroscopic approach allows the whole filtration run period to be modelled, with some
212
Final Research Report
of the parameters being determined by pilot-scale experiments. Many solutions have been 
proposed for the function expressed in Equation 33. Tien & Payatakes (1979) proposed a 
solution to the function as follows:
Equation34 X = J ( l  - 0 ( l  - ^
where a, b, c = empirical constants
Eg = porosity of clean filter bed
Gii = ultimate specific deposit, found experimentally to be in the range 0.2 Eq to 
0.4 Eo
This solution was based on the following assumptions:
• Spherical media which become uniformly coated with deposited particles
• As the number of deposits increases the interstitial pores are filled, producing increasingly 
narrow cylindrical flowpaths.
• Interstitial velocity increases as the deposits increase and reduce the pore size. This in turn 
reduces the deposit rate.
Mints (1951), however, considered scouring effects to be significant, and hence proposed a 
relationship that not only included particle deposition but also scouring of deposits. 
Observations of the presence of particle agglomerates in the effluent justified such a 
mechanism. Mints (1951) proposed the following equation:
Equation35 = X C -  —
where a = coefficient of filtration rate expression 
Vf = superficial velocity of filter bed
The first term, Xq C, represents particle deposition, whilst the second term, a a/Vf, considers 
the influence of scouring.
In all cases X originally equals Xq when the specific deposit is zero, and reduces to zero when 
G has reached its ultimate capacity. Generally, an initial increase in X is predicted, which is 
thought by some theorists to be attributed to an increase in the available surface area for 
attachment due to the removed particles forming domes on the top of the media. Another 
explanation proposes an improvement in the interception mechanism, due to the particles 
already removed from suspension. The phenomenon of initial increase in particle capture has 
been observed in practice, both in full-scale and model filters.
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2.6.2.2. Specific Deposit, a
The specific deposit, i.e. the amount of particles that attach themselves to the media surface, is 
related to the reduction in particle concentration. By considering the reduction in particle 
loading on the filter, a balance can be made in relation to the increase in particle deposit (with 
respect to filter bed volume and medium surface area) (Ives, 1980):
b e  _  18a 
ÔL V bt
Equation 36
where: C = particle concentration
L -  thickness of layer 
a  = specific deposit 
V = approach velocity 
t = time
If the particle concentration can be measured, application of Equation 36 can yield the specific 
deposit. During filtration, the structure of deposits may change, usually compress. In addition, 
some interstitial pores may block, resulting in an increase in flow rates through pores 
remaining open. Such alterations to the filter bed structure will affect the validity of the above 
model which is based on the assumption of clean bed conditions.
2.6.2.B. Fluid Hydrodynamics
Filtration theory is based on the assumption of laminar flow conditions within the filter bed. If 
laminar conditions were not present, the system would become turbulent and unpredictable; 
the development of models would then be impossible. Laminar conditions have been 
demonstrated through agreement with Darcy’s Law, dye flow experiments and also the ability 
for filter beds to undergo flow reversal (Ives, 1996). As a result it is still assumed that flow 
obeys Stoke’s law. Fluid flow can be expressed by the full Navier-Stokes equations 
(Spielman, 1975):
Equation 37 momentum ~ “  - b p  + \X,b'^Vf
Equation 38 continuity 8vy = 0
where Vf = fluid velocity field
p = dynamic pressure field 
pf = constant fluid density 
p = constant fluid viscosity
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Present theory considers non-linear inertia terms to have insignificant effect on developed 
flow equations. This assumption may be justified for small Reynold’s Numbers. Even at low 
Reynold’s numbers particle migration across flow streams occurs. Creeping flow occurs at 
Reynold’s numbers between those of laminar flow and transitional flow conditions, i.e. Rg 
generally less than 1.
2.6.3. Trajectory versus Phenomenological Theories
Modelling particle capture within a filter bed is immensely complex, due to the numerous 
influencing variables. As a result, many assumptions and simplifications are made. Some 
assumptions can be theoretically justified whilst others are experimentally validated. Some of 
the more frequently occurring assumptions include:
• spherical particles and media;
• non-interacting particles;
• steady state conditions (i.e. steady particle concentration, dC/dt = 0);
• non-turbulent flow (Stokes flow assumed);
• constant, clean bed conditions are often assumed (resulting in invalid or inaccurate data).
Trajectory analysis requires a microscopic understanding of particle transport, capture and 
detachment mechanisms. The influence of operational parameters, as well as the physical and 
chemical parameters of the particles, media and water have to be considered. Trajectory 
analysis relies on theory supported by empirical experiments for the development of filtration 
modelling equations. Unlike the phenomenological approach, experiments can be run at a 
much smaller scale, since it is the understanding of the filtration mechanisms occurring within 
the bed that is important, rather that the operational performance of the filter, as considered in 
the macroscopic approach of phenomenological theory.
The use of trajectory theory is limited, although it can be applied in order to increase our 
understanding of the complex mechanisms occurring within a filter bed, and yield a semi- 
quantitative model of factors influencing filter performance. However, the trajectory approach 
is restricted in its ability to predict particle capture as particles accumulate within the filter 
bed. Combining the initial filter coefficient, with a phenomenological expression, such as 
Ives’ expression given in Equation 34, may allow particle capture with time to be predicted. 
However, this would then have the disadvantage associated with phenomenological theories, 
in that empirical coefficients would have to be determined for each case.
Although phenomenological approaches yield an understanding of the macroscopic effects 
within a filter and can model the whole cycle of a filter run, they have several drawbacks. The 
major disadvantage is its poor adaptation for general modelling purposes. The huge variations 
in characteristics that occur between different water sources require each phenomenological 
model to be individually assessed. Parameters have to be determined by pilot-scale tests.
215
Final Research Report
which may be expensive and time consuming. In addition, the phenomenological approach 
does not yield an understanding of the mechanisms occurring in the filter bed, since it does not 
considers the fundamental mechanisms that can be related to the mass flux through the filter 
bed. However, it may be the only, or at least most reliable, means for assessing a system’s 
performance under specific environmental conditions.
2.7. Plant Design and Operation
Water treatment systems are generally designed with regard to the characteristics of the raw 
water, as well as financial, political and environmental restrictions. Different types of particles 
pose different problems. Characteristics of importance are particle size, particle concentration 
and nutrient levels. The influence of particle size type on treatment system is summarised in 
Figure 8.
Particle size (gm)
10-5 10-4 10-3 10-2 10-1 1 10 1Q2 1Q3 104 105
True
solutions
Precipitation
Gas transfer
Ion exchange
Reverse osmosis 
 ►
Electrodialysis
Adsorption
Colloidal
suspensions
Suspended and floating solids
Screening
Sedimentation/flotation
Filtrati on/mi crostrai ning
Chemical coagulation
Biological oxidation
Figure 8 Treatment method related to particle size (adapted from Tebbutt, 1992)
2.7.1. Optimisation
An optimal filter requires an assessment of the operation, economics and environmental 
impacts, i.e. CAPEX (capital expenditure) versus OPEX (operational expenditure). 
Operational parameters may consider such characteristics as the filter media, flow rates and 
hydraulic conditions of head loss. Economic parameters may assess the filter structure, 
hydraulic appurtenances (piping, valves, controls, underdrains, etc.), maintenance and size of 
the filter plant. Additionally, environmental considerations will include quantities and 
properties of chemicals used, waste produced and the treatment/disposal of waste.
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In order to optimise performance, of both rapid gravity filters and slow sand filters, it is 
necessary to minimise surface mat formation. As a guide, a slow sand filter is said to be 
inefficient if run periods are shorter than 30 days (Huisman & Wood, 1974), whilst rapid 
gravity filter runs are typically of 24 hour duration. Optimum filter runs for rapid gravity 
filters are determined by balancing the head loss and filter quality, i.e. the filtrate quality 
should reach its minimum allowable value at the same time as head loss reaches it maximum 
allowable value, tg = t^ (Ives, 1980).
It is important to realise that the effluent quality is the deciding design factor, and although 
optimal plant efficiency may be obtained at tg = t^, a safety factor should be employed to 
ensure filtrate quality never falls below the required quality standard. The ideal filter at design 
stage is unlikely to perform equally once in operation, due to the great variability in water 
characteristics. For most traditional filters, chemical adjustment can aid the filter performance 
efficiency. However, biological filters cannot be easily adjusted after implementation.
2.7.2. Filter Media
O’Melia (1985) considered the impact of filter media on filter efficiency to be much less than 
the impact of the raw water quality or pre-treatment system employed. Ripening of the filter 
bed results in particles already deposited on the medium surfaces acting as the collecting 
media. Effective biological filters are ripe filters, where the dominant filter media are the 
deposited particles rather than the filter media itself (O’Melia, 1985). As the interstitial pores 
accumulate deposited particles, head loss will increase. Hence, the deciding factor for filter 
media choice should be the influence of media size on head loss development, rather than their 
chemical characteristics.
The size of media chosen is important mainly due to the increased surface area available with 
small media. Boiler (1993) stated that for adequate capture of colloidal particles in coarse 
media filters, i.e. systems where the filter coefficient, Xg, is between 0.1 to 0.001 cm'^ flow 
rates less than 2m/h (and preferably less than Im/h) and filter lengths of 4 to 10m were 
required. Research carried out by Clarke et al. (1996) achieved such capture rates through a 
series of three up-flow gravel prefilters, although the accumulative depth of the prefilters was 
only 1.5m.
Research to improve the efficiency of filters beds has considered the benefits of size graded 
filters. Aitken (1967) did not believe that graded media beds gave any significant advantages. 
He demonstrated that particle capture spread throughout the whole filter depth once the first 
layers became saturated. However, if head loss development and surface mat formation are 
problems, it may be advantageous to consider a layer of larger media on the surface of the 
filter, in order to increase the filter run period. Another consideration is the influence of algal 
blooms that may clog the filter surface. Pre-ozonation may be used to control the growth of 
algae in the supernatant, without damaging the biofilms present in the Schmutzdecke (Collins
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etal., 1991).
Ives & Gregory (1967) found the most efficient operation of size graded prefilters to be in the 
up-flow direction. Aitken (1967) however, believed that filter run length was more dependent 
upon grain size than flow direction. In fact, the properties of the particles, suspension fluid and 
operational parameters play a significant role in determining the most efficient treatment 
system. Research carried out at CINARA, Cali (Galvis et al., 1992) found up-flow gravel 
filters in layers to be the most efficient for suspended solids loadings of less than 150mg/l, 
whilst up-flow filters in series were more efficient for loadings with an upper limit of 300mg/l 
and horizontal filters for increasingly higher loading rates.
2.7.3. Operational Constraints
If the equilibrium between attachment forces and hydraulic shear is disturbed, particles are 
dislodged and penetrate deeper into the filter bed or even into the effluent. This may be a 
disadvantage of constant rate flow systems (as opposed to declining rate systems) where the 
flow is continually adjusted and potential flow surges may disturb deposits (Cleasby, 1993).
The filter coefficient has been demonstrated to be inversely proportional to filtration rate, 
medium diameter and the square of the water viscosity (Cleasby, 1981). However, the need for 
smaller and more efficient filter beds has resulted in higher filtration rates being employed. 
Due to increasing filtration rates, the aim of eliminating the filter-to-waste period after 
washing may not be feasible, especially if contamination by pathogenic cysts is of concern 
(Cleasby, 1981).
2.8. Influence of Particle Characteristics
Choo and Tien (1995) showed that deposit layers of high permeability allow greater flows 
through the layer. Based on their model, in which flow is directed towards the surface of the 
medium after deposition has occurred, they showed that an increase in depth of deposit depth 
can lead to an increase in the particle capture efficiency. However, if the permeability of the 
deposited layer is low, an increase in the deposit layer thickness can result in increased flow 
resistance.
The influence of the resistance to flow may result in a reduced capture efficiency if its effects 
are more significant than the improved particle capture due to increased deposit layer depth. 
Filtration efficiency decreases as the interstitial pores become progressively blocked, with 
zero filtration efficiency occurring once the pore void volume decreases by 30 to 40% 
(Payatakes etal., 1981). Payatakes etal. (1981) stated that void volume reductions of say 10% 
could reduce the pore permeability by an order of magnitude.
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Pre-ozonation of raw waters increases the biodegradability of naturally present organic 
compounds. This results in improved capture of organic material such as aquatic humic 
substances (Collins et al., 1991). The influence and concentration of organic substances such 
as humic and fiilvic acids, must hence be considered when investigating particle capture.
2.9. Conclusion
This review has given an introduction to some of the particle removal mechanisms that may be 
occurring within a biological filter bed. These mechanisms come under three headings: 
transport, attachment and detachment; and may be influenced by the physical, chemical and 
biological characteristics of the particles, media and bulk fluid. The relation between these 
mechanisms is extremely complex, and difficult to accurately model. Hence great 
simplifications and assumptions have been made. In general, these may be justified by 
determining the .relative significance of individual mechanisms and by theoretical and 
experimental verification of the developed models. The continuously varying properties of the 
particles, media and bulk fluid with time make it difficult to develop a model that may be 
applicable for any known system at a given time.
The main points of this review are summarised below:
• Slow sand filters have proved able to remove pathogens, such as Cryptosporidium parvum 
and Giardia lamblia, which have been found to penetrate traditional (chemical) water 
treatment systems.
• Biofilms characteristics, and specifically polymer formation, can enhance particle capture 
by strengthening the attachment forces. In biological systems, biological mechanisms may 
overcome repulsive forces allowing particle attachment to occur in situations where 
otherwise they could not.
• Biofilms generally provide favourable conditions, allowing mixed-species interactions, 
enhanced resistance to toxins and predation and increased nutrient supply.
• Particle capture involves three stages: initial transport, attachment and possible 
detachment.
• The main transport mechanisms are diffusion, interception and sedimentation. Other 
transport mechanisms include hydrodynamic, motility and chemotactic mechanisms.
• Diffusion predominates for sub-micron particle transport (less than l|im). Hydrodynamic, 
interception mechanisms are important for microscopic particle transport (l|im  to 50|im). 
Gravity mechanisms are of major significance for particles of density greater than water.
• Attachment mechanisms include electrical double layers, steric forces, van der Waal’s 
forces, hydrodynamic forces and polymer production. Detachment mechanisms include 
fluid shear, grazing, sloughing and migration.
• In cases where the influence of biological mechanisms is not considered significant, the 
surface area available for deposition and flow rate are the most important operational 
consideration for particle capture.
• Most filter models only consider clean bed conditions, although some consider particle 
accumulation. Modelling of biological filters has generally overlooked the influence of
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biological mechanisms on particle capture. Where biological mechanisms have been 
considered, it is generally in terms of accumulation of matter. The influence of biofilm 
interactions have not been considered due to their complexity.
Filtration models are still not reliably predictive nor easily related to practical situations. 
Empirical constants still need determining, and laboratory-scale or pilot-scale model tests 
are generally necessary.
Chemical adjustment is presently the most reliable means for ensuring efficient filtration of 
colloidal particles. However, non-chemical biological filters have the added advantage for 
the capture of spores, cysts and oocysts, such as Giardia and Cryptosporidium.
Filter media properties may not be as important as the characteristics of the particles and 
water. Media size may require consideration if head loss is a problem and if colloidal 
particles are to be removed. Filter media that is too large will allow particle penetration, 
however, filter media too small will result in short filter runs. A compromise has to be 
made between the filtrate quality and filter run efficiency.
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Section 3
Project Details
The aims of the project are detailed. This section summarises the project aims and objectives. 
It also gives details on the layout and characteristics of the pilot plant at Kempton WTW. The 
methodology is also discussed, and details flow rates and measurement strategy. The choice of 
particles to dose and parameters measured are also detailed.
3.1. Pilot Plant Details
A pilot plant was designed which allowed sampling of the bulk fluid at different depths within 
four pilot beds. The data were used to assess the properties of a biological sand filter when 
dosed with two types of organisms. The assessment was carried out at pilot scale for two 
reasons. Firstly, laboratory scale research was not believed to be suitable since the conditions 
under which it would operate would have varied greatly from those found on a full-scale filter. 
Secondly, although a full-scale filter would give a more realistic image of a particular filter’s 
performance, there would have been limited control on variables such as light, suspended 
particle concentrations and influent properties. This would have made it extremely difficult to 
interpret the data and determine the reasons for bed properties and responses. Hence pilot scale 
was used as a compromise, yielding more realistic results when compared to laboratory scale 
whilst permitting a degree of control over variables such as light and influent water properties.
 EfitLD__
Dosed via 
peristaltic pump£fid-R.
Inlet water
sand filters
CMorella vulgaris 
Dosing Tank 
(B edsA & C )
Bacillus globigii 
Dosing Tank 
(Beds A & B)
w a s te  f lo w
Figure 9 Layout of Kempton filter beds, showing four pilot beds, two dosing tanks
and waste tank
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The pilot plant contained four beds which were covered with black tarpaulin, named Beds A, 
B, C and D. Beds A, B and C were dosed with different suspension of two organisms. These 
are discussed in more detail in Chapter 3.4. Bed D was not dosed and instead was used as a 
control bed in order to estimate background levels of chlorophyll a. Bacillus spores, 
particulate organic carbon and adenosine triphosphate. The layout of the filter beds and dosing 
tanks is shown in Figure 9.
Water samples were taken from the supernatant and at 50mm, 100mm and 300mm below the 
sand surface of Beds A, B and C and from the supernatant and 300mm below the sand surface 
of Bed D. The nomenclature applied to define samples was the letter of the bed followed by 
the depth into the sand. Hence AO refers to a supernatant sample within Bed A and C l00 refers 
to a sample taken from Bed C, 100mm below the sand surface. The sample tappings and 
sample labels for Bed A are shown in Figure 10.
Inlet
Overflow
■Supernatant
Particle Counter 
tappings 
(side of tank)
■Sand Media
Turbidimeter
Gravel Support 
MediaOutlet300
Waste Tank
Key:
AO = Supernatant tapping. Bed A A50 = 50mm depth tapping. Bed A
AlOO = 100mm depth tapping. Bed A A300 = 300mm depth tapping. Bed A
Note: Beds A, B, C and D had identical sample and turbidimeter tappings. Only Bed A 
had tappings to a particle counter.
Figure 10 Cross section of Bed A, showing sample, turbidimeter and particle counter
tapping points
Core samples were taken at the end of the dosing research period. For core sand samples a 
similar nomenclature was employed, except that the number defined the top surface of the core 
sample, which was approximately 10mm deep. Hence, AO refers to the top 10mm sand sample 
within Bed A and C l00 refers to a sand sample taken from Bed C, 100mm to 110mm below 
the sand surface. The first core sand samples were taken immediately after dosing had 
finished, this sample is symbolised by day 0. Day 1, 2, etc. represent one day, two days, etc. 
after dosing.
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3.1.1. Flow Rate Selection
The surface area of slow sand filters often makes them too expensive an option (in terms of 
land cost) within developed countries. Consequently, if slow sand filters are to be made more 
competitive and amenable a treatment system for industrialised nations they need to be made 
more efficient. The pilot sand filters were operated at a flow rate of 0.7m/hr, which is 
considerably faster than full-scale slow sand filters, which are generally operate at flow rates 
between 0.15m/hr to 0.3m/hr. The main reason for using a relatively high flow rate within this 
research was to assess plant performance at a higher rate, with the aim of being able to upgrade 
full-scale slow sand filters.
Past work carried out by Thames Water had demonstrated that slow sand filters could be 
operated at flow rates of 0.36m/h without jeopardising effluent quality (Rachwal, 1998). 
Earlier research by the Metropolitan Water Board had even found that slow and filters could 
be operated at a flow rate of 0.5m/h (Windle Taylor, 1974). It was recommended that a good 
inlet water quality should be used to extend run periods.
A second reason for the choice of flow rate was to allow the filter beds to mature more 
quickly. The dosing water was low in nutrients, where nutrients are defined as any matter that 
may be used as a food source by organisms within the filter bed. The maturation rate of the 
pilot beds was expected to be significantly slower than full-scale slow sand filters operated by 
Thames Water. This would have delayed the collection of data, and hence a means of 
increasing the maturation rate was necessary.
3.1.2. Sample Flow Control
The flow through the sample taps was controlled by two valves, giving coarse and fine 
adjustment. A one inch diameter ball valve was connected in the sample line and used for 
coarse flow adjustments. Rubber bungs were fitted to the outlet of the ball valves, through 
which holes had been drilled and tubing inserted. Continuous flow through the tubing was 
controlled by tubing clips, giving fine flow control (Figure 11).
Isokinetic samples were taken, with the aim of minimising the influence of changes in bed 
flow rates on sample properties. This was achieved by increasing the surface area of the 
sampling line within the bed until the flow rate at the mouth of the sample line was consistent 
with flow throughout the bed (Figure 11). Since the flow rate through the sample line was 
carefully controlled the time to collect all samples for each sampling period was fixed, at 
approximately 55 minutes (details given in Thirty-six month report. Part 6: Section 6). It was 
important to reduce sample loss in order to minimise sampling time and to prevent cross­
sample contamination. In order to achieve this, the end of the tubing was placed in the mouth 
of the sample container, preventing the possibility of cross-sample contamination caused by 
splashing. The tubing clips were fastened at about 2cm from the end of the tubing and rested
223
Final Research Report
on the sampling bottle lip. This ensured that the end of the tubing was never resting in the 
sample itself, hence minimising contamination of later samples (Figure 11).
TANK
Reduco-
Ball valve
Rubber bung 
6    Tubing clip
Sample
bottle
Figure 11 Isokinetic Sampling and Flow Control of 
pilot beds
3.2. Choice of Sand
Since this work was aimed at 
real treatment systems as 
many parameters as possible 
were kept consistent with 
full-scale plants. Hence, the 
media used was the media 
presently employed in 
Thames Water’s slow sand 
filters. The sand had an 
effective size d^g of 0.304 
mm and dgg of 0.542mm, 
with a uniformity coefficient 
(U) of 1.8. Each filter unit 
contained sand media to a 
depth of 0.5m. The sand was 
mechanically washed prior to
installation by the sand washing unit used for cleaning sand from the main treatment work’s 
slow sand filters.
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Particle size (mm)
Figure 12 Profile of Sand grading used in pilot beds
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3.3. Choice of Influent Water
The water used for the project was pre-chlorinated effluent from full-scale slow sand filters. It 
was desirable to maintain conditions as similar to those of the full-scale treatment works as 
possible, whilst controlling certain parameters. Hence, a chemically treated supply was not 
preferred. Slow sand filter effluent was chosen in order to minimise the amount of background 
particles present in the dosing water, whilst maintaining the other characteristics of a natural 
(if low in particulates) source water.
The retention time of water and its suspended particles within the main slow sand filter and the 
MDPE distribution pipeline resulted in a delay between the time when changes to the 
supernatant within the research beds were observed and changes to the characteristics within 
the supernatant of the main slow sand filters. This delay was estimated at approximately eight 
hours. More details on the choices available for influent water supply, their advantages and 
disadvantages have been detailed in the Thirty month report (Part 6: Section 5).
3.4. Choice of Particles
Suspensions of two organisms were dosed onto the pilot beds in order to assess their influence 
on capture mechanisms. Natural organisms were used, in preference to non-natural particles 
such as latex glass beads, in order to maintain characteristics as similar to those of a real 
biological system. It was acknowledged that the organisms dosed would have different 
characteristics to other naturally found organisms. However, only by assessing the influence 
of different particle properties on capture mechanisms could a better understanding of filter 
performance be gained.
A survey was carried out in order to decide what organisms would be the most appropriate to 
dose into the pilot scale sand filters. The properties of the organisms to be dosed were 
considered, and used to assess the appropriateness of such a organism to represent organisms 
naturally present in the raw water source. The criteria used to assess the suitability of different 
organisms were:
• a reliable and practical means of culturing and growing the organisms was important (or 
their commercial availability and cost), in addition, the ability to dose and measure the 
organisms;
• the organism size and the organism size range;
• the characteristics of the organisms dosed were desired to be similar to and/or 
representative of organisms naturally found in raw water sources;
• the organisms were required to be non -motile;
• the organisms were required to be solitary and spherical, it was of importance that minimal 
clumping occurred after dosing.
The final choice of organisms was a bacterial spore and an alga, namely Bacillus globigii var.
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niger spores and Chlorella vulgaris cells. These organisms were chosen on the basis of the 
factors listed above. In addition, as mentioned in the Thirty month report (Part 6: Section 5), 
algae have been found to penetrate slow sand filters operated by Thames Water. Hence, 
although they did not present a great risk to effluent quality, the mechanisms influencing their 
capture/penetration were of interest. Chlorella vulgaris cells are non-motile, spherical and 
grow up to approximately 10pm in diameter.
The interest in monitoring Bacillus spores was based on current international concerns 
regarding Cryptosporidium parvum oocyst penetration through water treatment works 
(UKWIR, 1998). The method of measuring Cryptosporidium is complex, costly and time 
consuming (Gregory, 1994; Lisle & Rose, 1995; Nahrstedt & Gimbel, 1996), hence there is 
great interest in finding a surrogate organism which can be used to assess the performance and 
reliability of a treatment system. The spore wall of Bacillus is tough and hence the problems 
posed with regards to its capture were believed to be akin to those posed by the oocyst wall of 
Cryptosporidium. Bacillus spores are much smaller than Cryptosporidium oocysts, which 
would have posed an added difficulty during their capture. Bacillus globigii spores are non- 
motile, oval and approximately 0.8pm wide by 1.5pm to 1.8pm long.
The Bacillus globigii spores were obtained as a suspension from International Biochemicals 
Ltd. under the product name of BIOTRACE. Chlorella vulgaris cells were grown and supplied 
by Sciento (61 Bury Old Road, Whitefield, Manchester M45 6TB).
Details of other organisms considered are given in the Thirty month report (Part 6: Section 5). 
The thirty month report suggested that three different particles were to be dosed. This was not 
the case due to time constraints, and the desire to compare the difference between particle 
capture rates for a bi-culture of organisms and a mono-culture. Hence, instead of dosing the 
three beds with a suspension of three different organisms, the three beds were dosed 
simultaneously with one bed dosed with a suspension of Bacillus spores (Bed B), the second 
with a suspension of Chlorella cells (Bed C) and the third with a combined suspension of both 
the Bacillus spores and the Chlorella cells (Bed A).
3.5. Dosing
The four pilot plant units were constructed side-by-side (Figure 9) and separated by dividing 
walls which were slightly lower than the outside walls of the tank. Between dosing the level of 
the supernatants was above the dividing walls, resulting in a common supernatant. During 
dosing the supernatant levels were lowered to be a few inches below the dividing walls, in 
order to isolate each tank’s supernatant.
The three beds were dosed with their relevant suspensions from mixer tanks, via a multi­
headed peristaltic pump. This ensured that the rate of dosing was equal between the beds. In 
order to minimise the delay between commencing dosing and the filter units reaching stable
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State, consideration was given to mixing a fixed amount of the concentrated particle 
suspension into the supernatant of the pilot beds immediately prior to dosing. However, due to 
the small scale of the pilot filters, and highly concentrated suspensions, it was not possible to 
accurately dose the supernatant and ensure a similar concentration to that of the suspensions 
within the dosing tanks.
It was of interest to determine the time for a particle to move through a bed depth of 300mm. 
Since the flow rate was 0.7m/hr, the time to travel 300mm would be approximately 26 
minutes. Applying Equation 39 the effective pore length or tortuosity for the beds was given as 
being 0.75m, assuming a voidage of approximately 40% (Stevenson, 1997). A period of 30 
minutes was allowed between starting dosing and taking the first sample. Hence all samples 
were taken under steady-state conditions, the total dosing time was approximately 4‘/2 hours.
Equation 39 effective pore length = 2.5% bed depth
= 2.5 X 0.3m = 0.75m
Before each day of dosing, data was taken in order to estimate background levels of 
chlorophyll a. Bacillus spores, POC and ATP. The background count data was subtracted from 
the data recorded on the day of dosing in order to investigate changes in capture rates with 
time.
The concentration of Bacillus globigii spores dosed into Beds A and B supernatants varied 
greatly from week to week. This was due to the very high concentration of spores 
(approximately 5x10^^ spores/ml) and the viscous nature of the suspension. Due to the 
previously mentioned properties it was difficult to accurately measure the small volume of 
Bacillus spores required for dosing, inducing variations in concentrations.
There were two weeks during the thirteen week dosing stage of the project where dosing did 
not occur, these were the weeks commencing 3^  ^February (week 4) and 10* March (week 9). 
This allowed bed performance to be observed if the beds were allowed two weeks to stabilise 
before the next dosing period, instead of only one week.
3.6. Parameters Monitored
Dissolved oxygen, turbidity and particle counts were automatically monitored. More detail of 
equipment used (particle counters, turbidimeters, SEM, Grant logger) and methodologies 
employed are given in the Thirty-six month report (Part 6: Section 6). Calibration of all 
instruments was carried out in accordance to manufacture recommendations. The particle 
counters were returned to the manufacture for calibrated before use. Details regarding 
scanning electron microscopy, including details and discussion on fixing of samples and 
sample preparation, are given in Chapter 3.6.2.
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The parameters monitored are listed below:
• Turbidity measurements were used to give an indication of particle concentration. 
Turbidity is an indirect optical measurement which is most sensitive when measuring 
submicron particles (Gregory, 1994).
(on-line HACH 1720C turbidimeter: measured at inlet and outlet of each bed).
• Particle count data was used to give more detailed information on particle size distribution. 
Particle counters give a gross measurement of apparent removal (in this case for particles 
2pm to 125pm in diameter). The analysis technique records both particle number and 
equivalent spherical particle volume data distributions.
(on-line PMS - LiQuilaz E20 extinction sensor: measured within the supernatant and at 
depths 50mm, 100mm and 300mm below the sand surface - within Bed A only).
• Scanning Electron Microscopy (SEM) gave more detailed information on particle 
properties. Microscopy yields qualitative visual information on the actual particles retained 
within the bed (by analysis of core samples) and particles penetrating the filter bed (by 
analysis of filter effluent samples).
(Leo [Cambridge] SI00: measured within the supernatant and at depths 50mm, 100mm and 
300mm below the sand surface - for all Beds).
• Chlorophyll a was used as an indication of algal biomass. Since background levels of algae 
were observed to be low, it was used to estimate Chlorella cell concentration. The low 
background levels of algae were due to the fact that the feed water was treated effluent 
from a full-scale slow sand filter and the research took place during the beginning of the 
year. In addition, the pilot beds were covered and housed within a shed, which minimised 
the activity of photosynthetic organisms, such as algae, within the bed.
(measured within the supernatant and at depths 50mm, 100mm and 300mm below the sand 
surface - for Beds A,C and D).
• Bacillus globigii spore sample enumeration estimated the concentration of spores. The 
enumeration method employed to estimate the number of Bacillus spores involved heating
the samples to 63°C in order to maximise spore germination and reduce the levels of non- 
thermoduiic bacteria. This resulted in previously germinated spores being destroyed, 
rendering them non-viable. Hence, when discussing Bacillus spore concentrations only 
non-germinated Bacillus spores are considered.
(measured within the supernatant and at depths 50mm, 100mm and 300mm below the sand 
surface - for Beds A, B and D).
• Particulate Organic Carbon (POC) was used to indicate the amount of organic matter 
present. It is a gross measurement, used to assess the presence of active organisms as well 
as dead organic matter.
(measured within the supernatant and at depths 50mm, 100mm and 300mm below the sand 
surface - for all Beds).
• Adenosine Triphosphate (ATP) was used to estimate the total living biomass of natural 
microbial populations. It is a co-enzyme involved in the production of energy in cellular 
life processes which can be chemically released from living cells and measured in relative 
light units (RLU). ATP measurements are used by Thames Water to indicate whether a 
slow sand filter is sufficiently mature to allow the effluent to be put into supply (Smith et 
al, 1994).
(Uni-Lite® water test kit: measured within the supernatant and at depths 50mm, 100mm 
and 300mm below the sand surface - for all Beds).
• Dissolved Oxygen (DO2 ) was monitored to indicate the degree of biological activity by
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photosynthetic organisms (producers) and aerobic organisms (consumers).
(Grant loggers: measured continuously - Bed A only);
• pH temperature and headloss were assessed as operational and control parameters used to 
monitor changes in bed conditions.
(Grant loggers: measured continuously - Bed A only);
• Flow rates were monitored and controlled in order to maintain conditions throughout the 
research period.
(checked each day before dosing - for all Beds);
The analytical methods for chlorophyll a. Bacillus globigii spore germination, POC and ATP 
are detailed in Appendix A.
3.6.1. Particle Counters
Particle concentrations were monitored during the whole research period, at depths 
corresponding to the sample depths (i.e. within the supernatant and at 50mm, 100mm and 
300mm below the sand surface). Samples were taken at 15 minute intervals. Particle counters 
have been discussed in more detail in two papers: Chipps et a l (1995) and Evans (1995) (Part 
4: Section 1 and Section 4).
Particle size was analysed using Particle Measuring Systems Inc. (PMS) laser particle counters 
(LiQuilaz model E20 Extinction Sensor). The particle counters have been discussed in more 
detail in the Thirty-six month report (Part 6: Section 6). This project could only fund two 
particle counters (approximately £25000 each) each possessing two sensors, hence only four 
sampling points were monitored. Consequently, there were two options available; either all 
four sampling points of one bed could be monitored, or selected depths of more than one bed 
could be monitored. It was decided to monitor Bed A only, so that all four sampling depths of 
Bed A could be assessed.
The decision to monitor one bed only stemmed from the primary aim of the research, which 
was to assess particle size distribution throughout the total depth of the bed(s). Bed A was 
chosen in preference to Beds B or C since it was dosed with both Chlorella vulgaris cells and 
Bacillus globigii spores, and it was of interest to the project to monitor the path of both 
organisms. However it was accepted that the organisms’ behaviour when dosed separately was 
likely to be different from when the algal cells and bacterial spores were dosed together.
Each particle counter had two sensors, which had been calibrated by PMS, to the same 
standard, prior to the commencement of the experiment. Particle count data during dosing of 
the Chlorella vulgaris and Bacillus globigii suspensions have not been given since the particle 
concentrations were too great for reliable analysis by the particle counters, the manufacturers 
recommended limit for trustworthy data is 15,000 counts per millilitre.
The particle counters were able to monitor up to five size ranges. The size ranges monitored
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were set to 2pm to 4pm, 4|im to 8|im, 8|im to 12|o,m, 12pm to 15|im and 15pm to 125pm. 
Particle sizes were calculated by measuring the area of shadow cast onto the detector as a 
particle passed the laser beam, this shadow was then converted into a sphere of equivalent 
projected area. Finally, the area of the sphere was converted into an equivalent spherical 
particle diameter. Hence all recorded diameters are equivalent spherical diameters, and not 
true diameters.
3.6.2. SEM Samples
Details of the analysis method of the Variable Vacuum Scanning Electron Microscope has 
been discussed in the Thirty-six month report (Part 6; Section 6). SEM data were used to 
demonstrate the difference between biological filters and filters as defined by traditional 
filtration theory (Section 2). Biological filters are extremely complex and have continually 
changing characteristics. As such developed models are either too complex to apply or rely on 
broad assumptions, often not considering the influence of biological interactions on particle 
capture mechanisms.
Samples were taken during the trial for SEM analysis. The water samples were filtered 
through Millipore Isopore filters with pore size 0.2pm. The filters and retained matter were 
subsequently dried and analysed using a scanning electron microscope (Leo [Cambridge] 
SlOO). Core sand samples were also analysed.
Initial comparative tests were carried out in order to assess the best means of sample drying 
prior to analysis by the SEM. Three sample drying methods were considered: air drying, 
freeze drying and critical point drying. The main problems that must be considered when 
drying samples occur due to turbulence during the drying process and biological collapse.
Depending on the methodology employed, biological collapse may occur to a lesser or higher 
degree. Biological collapse is a consequence of pressure changes which occur inside a 
biological organism as it dehydrates. The caving-in of cell walls is common for bacterial 
samples, especially when air dried. Alternative sample preparation methods can reduce the 
influence of collapse but may result in high turbulence, as is often the case with critically- 
point-dried samples. Sample loss may occur as a consequence of high turbulence, yielding 
unrepresentative results in situations where sample concentrations are important.
Critical Point Drying Freeze Drying Air Drying
high turbulence < > low turbulence
low collapse <------------------------------------- > high collapse
Figure 13 Relative turbulence and collapse characteristics of 
critical point drying, freeze drying and air drying methods
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From the preliminary test observations it was believed that air drying would be the most 
appropriate drying method for Bacillus globigii spore samples. However, subsequent samples 
contained algal and bacteria cells which collapsed when air dried. Consequently, critical point 
drying was used. An assessment of the advantages and disadvantages of the three drying 
methods tested are discussed in more detail below, along with the reasons behind the choice of 
drying process. The same drying method was used for all samples since it was important to 
maintain consistency between samples.
3.6.2.I. Air Drying
After filtering, the samples and retained Bacillus spores were left to dry naturally in the open 
air. As previously mentioned, drying of samples may result in collapse, especially when air 
dried. However, the samples used in the first trial experiments consisted of suspensions of 
Bacillus globigii spores, which had tough cell walls. Consequently, no cell wall deformation 
was observed after analysis of air dried samples using a scanning electron microscope.
The extremely simple, and cost effective method of air drying made it an obvious choice for 
Bacillus spore samples. However, the procedure was not suitable for organisms with more 
delicate cell walls, such as algae and bacteria, and hence could not be used since a consistent 
technique was required.
3.6.2.2. Freeze Drying
This process involved quickly freezing the samples, often through the use of liquid nitrogen. 
For this trial, the filter membranes were placed in a freezer at a temperature of -70°C. The low 
temperature resulted in the rapid formation of ice crystals. Due to the speed of the freezing 
process, the ice crystals formed are significantly smaller than would occur in a slower freezing 
process thus reducing sample distortion. The frozen samples were transferred to a vacuum 
where the ice crystals were allowed to sublime until a dry sample was attained.
Freeze drying can yield excellent results and is easy to carry out, although it is a relatively 
slow procedure (requiring longer than one day). The freeze drying method causes less sample 
turbulence than critical point drying but greater than in the air drying process. Conversely, 
freeze drying results in less sample deformation than the air drying process but greater than 
critical point drying, since some sample deformation or shrinkage will occur during the final 
diying stage. Freeze drying can be considered as a compromise drying method between 
critical point drying and air drying.
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3.6.2.3. Critical Point Drying
During critical point drying the samples were heated under controlled pressure conditions. 
Before samples could be critically point dried they first had to be fixed to ensure that 
organisms did not detach from the filter paper or sand grain due to the turbulence experienced 
in this drying process. The samples were also required to be suspended in absolute acetone 
prior to critical point drying. Both the fixing method and the transfer into absolute acetone 
have been described in Chapter 3.6.2.4. The sample was never allowed to dry, and was 
completely submerged in acetone during transporting to the critical point drier.
Sand samples which were ready for critical point drying were carefully wrapped in velin 
tissue, in order to prevent any sand grains from escaping once place within the critical point 
drier. Any loose sand grains could block the valves, which could be potentially dangerous at 
high pressures. The velin tissue containing the sand was placed in a mesh basket which fitted 
into a sample support unit which fitted securely into the critical-point-drier chamber (filter 
samples were similarly supported within the unit). A mesh cover was placed over the samples 
to hold them in place. The support unit was topped up with absolute acetone, at no stage was 
the sample allowed to dry out.
The support unit was placed in the tightly sealed critical-point-drier chamber whose 
temperature had been previously stabilised at between 16 C to 20°C. The container was 
quickly filled and flushed with liquid carbon dioxide for approximately three to four minutes. 
The samples were left in the liquid carbon dioxide for a minimum of one hour, in order to 
allow the liquid carbon dioxide to completely impregnate them.
After one hour the container was again flushed with carbon dioxide for three to four minutes, 
and the temperature slowly increased to 36 C. Increasing the temperature caused a rise in the 
vapour pressure and density. This resulted in increased liquid volume, causing the liquid to 
expand and the density decrease. By controlling the temperature and pressure a point was 
reached where the vapour and liquid densities were the same. This point is referred to as the 
critical point, and is the point at which surface tension is zero. Hence, by increasing the 
temperature to above the critical temperature the liquid was made to pass into the gas phase 
without passing through the liquid surface. Once this state was reached, the pressure was 
slowly allowed to return to atmospheric, whilst maintaining the temperature above the critical 
level.
The main disadvantage of critical point drying is the high degree of turbulence experienced. 
Since some of the samples consisted of spores resting on the surface of a filter membrane, it 
was anticipated that high turbulence would result in spores detaching from the filter surface, 
resulting in loss of sample. Although the critical point drying was preceded by a fixing 
process, this process in itself may have resulted in some spores being washed off the filter 
membrane during rinsing, before they had been firmly fixed.
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As anticipated, initial comparative trials of the three drying methods did imply that a small 
proportion of the sample was lost through this drying process. However, since the SEM data 
was used to qualify the work, and not relied upon to give quantitative data, this was not of 
concern. This method gave least disturbance to cells and allowed analysis of algal cells as well 
as the Bacillus spores.
3.6.2.4. Fixing Method and Sample Preparation for Critical Point Drying
Before the samples could be critically point dried it was necessary to fix them. This minimized 
sample loss caused by the high turbulence experience during the drying process. The samples 
were fixed by the addition of glutaraldehyde. The samples were then taken through a series of 
alcohol solutions, in order to replace the water in the sample with absolute alcohol. It was then 
possible, through a further series of alcohohacetone solutions to transfer the sample into a 
solution of absolute acetone, ready for critical point drying. The process is described in detail 
below.
1. Place the moist (but not wet) sample in a suitable container, such as glass bottle (plastic is 
not suitable since it may dissolve).
2. Add 2.5% glutaraldehyde in buffer solution and leave the sample to stand for approximately 
2 to 4 hours. Do not allow the sample to dry out at this or any subsequent stage.
3. Rinse the sample twice with buffer solution or deionised water, leaving it to stand for a 
minimum of 10 to 15 minutes for each rinse.
4. Pipette off the rinse solution and add 50% ethanol. Again, leave for a minimum of 10 to 15 
minutes.
5. Pipette and add 70% ethanol. Leave for a minimum of 10 to 15 minutes.
6. Pipette and add 90% ethanol. Leave for a minimum of 10 to 15 minutes.
7. Pipette and add absolute ethanol. Leave for a minimum of 10 to 15 minutes.
8. Pipette and add 2 parts absolute ethanol to 1 part absolute acetone. Leave for a minimum of 
10 to 15 minutes.
9. Pipette and add 1 part absolute ethanol to 1 part absolute acetone. Leave for a minimum of 
10 to 15 minutes.
10. Pipette and add 1 part absolute ethanol to 2 parts absolute acetone. Leave for a minimum 
of 10 to 15 minutes.
11. Pipette and add absolute acetone. Leave for a minimum of 10 to 15 minutes. The sample 
may now be critically point dried.
The sample may be stored overnight after the addition of 70% ethanol (step 5). However, the
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sample should not be stored for too long at this stage. NEVER allow the sample to dry out 
since this will destroy the native structure.
Before being placed in the SEM both filtered and sand samples were gold splattered for one 
minute. This thin layer of conducting gold minimised the build up of charge on the surface of 
the sample during analysis. The gold splutterer used was Edwards sputter coater (S150B).
3.7. Controls
1. A control system (as described in the Thirty-six month report, Part 6: Section 6) was set up 
to evaluate whether the Bacillus spores would germinate whilst in the bed. Analysis of a 
control sample of Bacillus spores indicated that no spore germination occurred (monitored 
over ten weeks).
2. Light can encourage the growth and multiplication of algal cells, such as Chlorella 
vulgaris, within the filter beds. To minimise the growth, and to restrict the influence of another 
variable parameter on the system, the filter beds were covered with black tarpaulin, in addition 
to being housed inside an enclosed building.
3. In order to determine whether Bacillus spores would attach to and coat the Chlorella cells 
when a mixed suspension was dosed into Bed A, samples of the supernatant were taken 
throughout the dosing period and examined by phase contrast light microscopy. No attachment 
was observed, indicating that the Bacillus spores and Chlorella cells did not interact whilst in 
the supernatant.
4. Control samples of the dosing suspensions were measured using the particle counters in 
order to ascertain the recorded size of the Bacillus spores and Chlorella cells. The majority of 
Bacillus globigii spores were recorded in the size range 2pm to 4pm. The majority of 
Chlorella cells were measured within the particle size range 4pm to 8pm. There were some 
cells measured between 2pm to 4pm, due probably to younger cells (autospores).
5. Suspensions of Bacillus globigii spores and Chlorella vulgaris cells were assessed for ATP. 
Levels of ATP within germinated and non-germinated samples of the Bacillus suspension 
were extremely low, even for highly concentrated samples. ATP within Chlorella samples 
were considerably higher.
3.8. Sampling
3.8.1. Water Samples
The sampling taps had a continuous flow through them, which was maintained at a controlled 
rate in order to minimise disruption to the flow patterns within the bed. Further details of the
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water sampling points are given in the description of the pilot plant (Chapter 3.1.).
Beds A, B and C were dosed with their appropriate suspensions at weekly intervals over the 
thirteen week test period. During dosing water samples were taken hourly over a four hour 
period. The aim was to monitor differences in performance between the beds and to determine 
the influence of time and maturation on filter performance.
Water samples were measured during the day of dosing for chlorophyll a. Bacillus spore 
concentration, ATP and POC. Additionally, water samples were taken four hours after dosing 
commenced, for analysis by SEM. On-line data, namely particle concentrations, turbidity and 
dissolved oxygen, were recorded during the whole week. All water samples were stored in a 
refrigerator overnight and analysed the following day. Analysis of stored and new samples 
confirmed no noticeable loss of viability by overnight cold storage. Water samples to be 
analysed by SEM were filtered, fixed and prepared for drying on the day of dosing. Samples 
were critically point dried the day after dosing and stored in a desiccator until the SEM was 
available.
Average concentration values for each sampling point were calculated for each determinand, 
by averaging the four values obtained at hourly intervals during dosing, for each of the thirteen 
weeks. Average percentage reduction rates were also calculated in order to examine the 
relationship between reductions in particle concentration and length of run. These values were 
determined by first calculating the percentage reduction between consecutive sampling points 
(e.g. between AO and A50, A100 and A300) for the averaged weekly samples as defined 
above. These percentage reduction values were then averaged over the total period of the run, 
to give an overall average percentage reduction rate for each sample point.
3.8.2. Media Samples
Core sand samples were taken at the end of the dosing period. Core sand samples were 
necessary in order to gain an indication of the degree of attachment and strength of adhesion of 
organisms to the sand media. There was approximately a three month gap between the 
completion of the water sampling and the final core sampling. This delay was necessary in 
order to complete all SEM water sample analyses. In addition, a core sampler had to be 
designed and tested that would minimise bed disturbance during sampling. It was required that 
the corer should be as non-intrusive as possible since core samples were taken daily for a week 
in each bed and any disturbance of the bed may have influenced subsequent samples. Hence it 
was desirable to reduce the need to completely drain the bed before sampling and also to refill 
the hole left by the corer to minimise subsidence of the remainder of the bed. The core sampler 
has been discussed in detail in Chapter 3.8.3.
Dosing of the beds continued at weekly intervals prior to core sampling in order to minimise 
differences in bed conditions between taking water samples and core sand samples. Before
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core samples were taken the beds were dosed and a final set of water samples were taken. The 
first core sample was taken immediately after dosing had completed, i.e. while the beds were 
at stable-state. Additional core samples were taken daily for the subsequent four days.
Chlorophyll a. Bacillus spore concentration, ATP and POC were measured once daily for core 
samples for five days after dosing. Core POC and chlorophyll a samples were analysed on the 
day of sampling, whilst Bacillus samples were refrigerated overnight and enumerated the 
following day. As for water samples, core sand samples to be analysed by SEM were filtered, 
fixed and prepared for drying on the day of dosing. Samples were critically point dried the day 
after dosing and stored in a desiccator until the SEM was available.
3.8.3. Core Sampler
The core sampling method was designed to minimise bed disturbance. However, the 
supernatant level within each bed had to be lowered to just below the sand surface during 
sampling. Consequently, some bed disturbance would have occurred. Each bed was sampled 
over a one week period, with Bed D sampled first, then beds C, B and A.
The core sampler design is shown in Figure 14 and worked by the development of a vacuum. 
The beds were allowed to drain so that the water level was just below the surface of the sand. 
The core sampler was pushed approximately 400mm deep into the sand bed, with the depth 
indicated by a marker on the core sampler. The sealing unit was then pushed into the top of the 
core sampler and the holes aligned. The vacuum screw and washer were tightened in order to 
give a tight seal. A second cylinder, the core sampler case, was lowered over the core sampler 
and also pushed approximately 400mm into the sand. The rod was then threaded through the 
locating holes in the sealing unit and core sampler and the core of sand gently raised from the 
bed leaving the sampler case in the bed. The hole left in the bed was filled with clean sand and 
its location noted in order to ensure that the same section was not re-sampled. The sampler 
case was then removed.
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Plunger
Vacuum screw I
Sealing unit ^
Rubber washer
Core Sampler
Sealing unit
•Vacuum screw
A
Rod
0.5m
0 .1 m
Core sampler case
Figure 14 Details of Core sampler, core sample case and plunger
Once the core sampler had been removed from the bed it was placed on its side. The vacuum 
on the sealing unit was broken and the sealing unit removed. The bottom of the core sampler 
was placed on the sample support (Figure 16) and the plunger used to push the sand core onto 
the sample support. Sample cutters were used to divide the samples which were then placed in 
clean labelled bags prior to analysis.
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Figure 15 Bed showing core sampler in drained bed during sampling process (paler 
sand shows where previous cores were taken and back-filled with clean sand)
Figure 16 Core sampler and sample, after sample has been pushed onto sample support 
(shows cutters marking depth at which samples were taken for analysis)
3.8.4. Sample Preparation
For each sand sample, two extracts were taken for analysis. These were designed to assess the 
amount of matter retained within the interstitial pores and matter loosely attached to the sand 
grains.
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Table 1 Expected regions of organism adherence with respect to sample type
Sample type water hand shaken 
(sand)
mechanically 
shaken (sand)
* chemical removal/ 
ultrasonication (sand)
Regions of
organism
adherence
planktonic loosely adhered 
or within 
interstitial pores
reversibly 
adhered to 
media surface
tightly adhered & 
biofdm organisms
(* Methods were investigated to release the matter adsorbed within the biofilm layer i.e. 
irreversibly attached particles. Due to the low nutrient loading, season (late winter) and the run 
time of the beds, biofilm formation on the sand samples was limited and concentrated within 
crevices of the sand. It proved extremely difficult to ensure release of the biofilm off the sand 
surface. The more vigorous the release method tested the more damage to the biofilm 
organisms. Consequently, an appropriate method for biofilm release was not found. The 
methods assessed are discussed in Appendix B.)
The sample preparation procedure is outlined below.
1. Approximately 50ml to 80ml of sand was placed in a stoppered 250ml measuring cylinder. 
This was filled to the 250ml mark with distilled water and inverted several times. The sand 
and water volumes were noted. The sample was then vigorously shaken for several minutes 
and the supernatant decanted into a beaker for analysis. This released particles which may 
have been temporarily retained within the interstitial pores or loosely attached to media 
surfaces.
2. The sand from stage 1 was placed in a sealed container with the same volume of water as 
used in step 1. The sample was placed on a standard geotechnic sand vibrator and left for 10 
minutes. The water was shaken by hand immediately before decanting into a beaker for 
analysis. This stage aimed to release reversibly attached particles from the sand grain 
surfaces.
Bacillus spores, because of their tough cell walls, would not be expected to be damaged by the 
methods detailed above. Although, bacterial cells and algal cells may have less tough cell 
walls and hence be more prone to damage by the preparation technique, visual examination of 
samples by light microscope and scanning electron microscope did not highlight any damaged 
cells.
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Section 4
Results & Discussion
The results presented below examine particle (both biological and inert) penetration through 
the pilot beds. The aim of this work is to further the understanding of mechanisms occurring 
within biological beds and the effect of these mechanisms on each other. The influence of 
different dosing suspensions on particle capture efficiency and capture mechanisms are 
assessed in order to evaluate properties that influence plant performance. The data also 
highlights the appropriateness of certain parameters as monitoring tools, and assesses the 
possibility of developing a methodology for investigating pathogen penetration through beds.
Figures are plotted versus time, given in weeks. Week 1 corresponds to the week commencing 
13^  ^ January 1997. Hence week 13 (the last monitored week of dosing) corresponds to the 
week commencing 7^  ^April 1997.
4.1. Temperature, pH and Dissolved Oxygen in Influent
This chapter details background data on the properties of the pilot beds’ supernatants. Such 
data gives an understanding of conditions that may influence bed properties and supports other 
results in order to gain a fuller understanding of properties and mechanisms occurring within 
the beds.
Dissolved oxygen, temperature and pH were measured within the supernatant of Bed A. Bed 
A was chosen for the reasons stated in Chapter 3.6.1. For six days each week the four beds 
shared a common supernatant. However, during dosing, the supernatants within each bed were 
segregated (discussed in Chapter 3.5.). Consequently, data measured between dosing periods 
within Bed A’s supernatant is representative of the other three beds. The trends displayed by 
temperature, pH and dissolved oxygen recorded during dosing was not noticeably different to 
between dosing, and hence was also assumed to be representative of all four bed’s 
supernatants.
The amount of dissolved oxygen present can give an indication of the presence of oxygen 
generating organisms, such as algae. Additionally, available dissolved oxygen is used to 
indicate the ability of an environment to support organism activity, such as aerobic bacteria, in 
order to determine whether colonisation, growth and reproduction can occur.
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Dissolved oxygen values are influenced by temperature variations due to changes in solubility. 
Consequently, as the temperature increases, a decrease in dissolved oxygen content would be 
expected. Figure 17 shows that as temperature increased dissolved oxygen also gave a slight 
increase. In addition, both dissolved oxygen and temperature within the supernatant followed 
a diurnal trend, being maximum during the daylight and minimum during the night hours. The 
degree of diurnal change in dissolved oxygen levels increased with time, corresponding to an 
increase in temperature. Such data shows that increases in dissolved oxygen were not related 
to reductions in temperature.
Temp (deg C)1 0  --
4 --
D02 (mg/l)
00:00 00:0000:00 00:00 0 0 : 0 0 00:00 00:00 00:00 00:00
1 0 11
Time and w eek
Figure 17 Increase in temperature and dissolved oxygen with time 
(Bed A supernatant)
Temperature increased from approximately 3°C during week 3 (27^  ^ January) to 
approximately 9°C during week 11 (24^  ^ March). Temperature plays an important role in 
biological filters since the activity of respiring heterotrophic organisms, such as bacteria, will 
be greatly influenced by changes in temperature. Hence, as the temperature increases the 
activity of living micro- and macro-organisms will also be expected to increase. Such activity 
includes cell growth, division and reproduction.
The influence of temperature on photosynthetic organisms, such as algae, is not as significant. 
Photosynthetic organisms are much more dependent upon the length of time that they are 
exposed to light. However, increases in daylight hours are often accompanied by temperature 
increases, and hence photosynthetic organism activity may appear to be more reliant on 
temperature than is really the case.
The diurnal nature of the dissolved oxygen levels is typical of organism activity. Since 
dissolved oxygen increased during the daylight hours it is believed that photosynthetic 
organisms were active. The general trend of increasing levels with time indicates a progressive 
increase in organism activity.
Increases in available oxygen and nutrients, along with increasing temperatures, would have 
increased the suitability of bed conditions to support the activity of heterotrophes, such as
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bacteria. Bacteria produce carbon dioxide and often a range of acids. Consequently, as 
bacterial activity increases the pH of the surrounding environment is likely to fall. Hence, 
changes in the pH level of a system can indicate the presence and activity of bacteria. 
However, other mechanisms may counteract the effect of bacteria on pH levels, such as the 
production of oxygen and consumption of carbon dioxide by photosynthetic organisms.
The data show that pH dropped with time, indicating that the influence of photosynthetic 
organisms on pH was less than the influence of mechanisms which decreased the pH level 
with time (Figure 18). Assuming the change in pH level was due to biological activity, the pH 
data implies an increase in biological activity with time. Biological activity was also indicated 
by SEM data which showed increased concentrations and diversity of organisms with time 
(Chapter 4.5.).
1 0
Temp (°C)
-- 4
0 0 : 0 0 0 0 : 0 0 0 0 : 0 0 0 0 : 0 0 0 0 : 0 0 0 0 : 0 0 0 0 : 0 00 0 : 0 0 0 0 : 0 0
1 0 11
Time and w eek
Figure 18 Temperature and pH versus time (Bed A supernatant)
4.2. Headloss
Headloss measurements give an indication of the accumulation of matter within the bed, by 
measuring the increase in resistance to flow. As such it is often used as an operational tool, 
with a maximum limit on headloss indicating when the bed should be cleaned. Headloss was 
measured at sampling depths for all beds, the data is given below in Figure 19, Figure 20 and 
Figure 21.
Bed A headloss data within the top 50mm bed depth have not been given before week 10. This 
was due to unexpected high readings. Since the headloss values deeper within the bed were 
similar to the other beds, it was assumed that the high headloss resulted from blockages within 
the manometer tapping. Headloss within the top 50mm steadily increased within beds B, C 
and D from an average value of 6 mm to 17mm.
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Figure 19 Headloss development versus week within the 
top 50mm depth of all four pilot beds
The profile of the headloss through the top 100mm bed depth for all beds was similar to 
headloss through the top 50mm only, giving an average initial value of 21mm, which 
gradually increased to an average value of 33mm.
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Figure 20 Headloss development versus week within the 
top 1 0 0 mm depth of all four pilot beds
The readings for headloss taken at a bed depth of 300mm were much higher than those 
recorded at shallower depths, due to the greater depth over which the change in headloss was 
measured. Average headloss values started at approximately 77mm and increased to 107mm.
Although headloss increased with time within the beds, the increase was much less than would 
be expected in a full scale works. A full-scale slow sand filter at Thames Water could be 
expected to achieve maximum operational headloss, typically ranging between 1.5m to 2.2m, 
between a couple of weeks to five months after being put into operation, depending on the 
environmental conditions. The rate of increase of headloss would vary between beds operated
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at different sites due to differences in bed characteristics, such as different influent water 
properties, flow rates, ambient temperature and rate of biological maturation. The pilot beds of 
this project were run for three months and only achieved an increase in headloss of 
approximately 0 .0 2 m.
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Figure 21 Headloss development versus week within the 
top 300mm depth of all four pilot beds
This data implies that the majority of headloss resulted from pressure losses across the sand 
and not aggregation of matter. This was probably due to a combination of factors, i.e. low 
loading rate, low nutrient supply, initially low temperatures, no light.
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Figure 22 Average of increase in headloss within all four 
pilot beds versus bed depth
Figure 22 shows how headloss was fairly uniformly developed across the whole bed depth. 
Such data implies that the pilot beds were not operating as slow sand filters, in which headloss 
would be expected to be greatest across the top few centimetres of the bed due to 
Schmutzdecke formation. Rather particle capture was dispersed throughout the whole bed 
depth.
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4.3. Microbial Adhesion To Hexadecane (MATH)
The hydrophobic/hydrophilic properties of Bacillus globigii var. niger and Chlorella vulgaris 
were assessed using the MATH technique. Such properties may influence the interaction 
mechanisms between the organism and media surface or another organism. The influence of 
surface charge and hydrodynamic effects have been discussed in Section 2.
Organisms adhere to hexadecane as a measure of their aversion to water, i.e. their 
hydrophobicity. The method employs adding hexadecane to a suspension of the organism and 
determining the amount of partitioning of the organisms to the hexadecane. The method has 
been described in more detail in Appendix A.
Table 2 Hydrophobicity measurements of Bacillus globigii and Chlorella vulgaris using
MATH analysis
Transmittance Transmittance after addition of hexadecane
before addition of 
hexadecane
hexadecane
suspension
(top)
Aqueous
suspension
(bottom)
Test 1 1.653 0 . 0 2 0 1.633
Chlorella Test 2 1.669 0 . 0 1 1 1.648
vulgaris Test 3 1.661 0 . 0 1 1 1.629
Average 1.661 0.014 1.637
Test 1 0.945 0.025 0.974
Bacillus Test 2 0.941 0 . 0 2 2 0.927
globigii Test 3 0.951 0.026 0.923
Average 0.946 0.024 0.941
1 A/^1 1 /CQ7
% Adherence Chlorella vulgaris = —— '----- x 100% = 1.4%l.ool
0.946 -  0.941% Adherence Bacillus globigii = ---- 0 9 4 ^---- x 100% = 0.5%
The results of the test showed that both the Bacillus spores and the Chlorella cells were 
hydrophilic, although the Bacillus spores displayed even greater hydrophilicity than the 
Chlorella cells.
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4.4. Particle Size Distribution
Particle count data yielded information on the equivalent spherical size of the suspended 
particles as well as on capture profile (regions of capture) and capture rate. Figures for all 
weeks at all sampling depths are not given, instead, general figures are given which represent 
the points under discussion. Particle size ranges greater than 12|im generally gave particle 
concentrations which were much lower than for smaller particle ranges, and hence were 
difficult to read on the figures. In addition, the particle concentration profile for particle size 
ranges greater than 1 2 )im were generally similar to the profiles for particle size ranges 8 pm to 
12pm. Consequently, the figures presented concentrate on particle size ranges between 2pm to 
12pm. Average particle concentration values were determined by averaging the particle count 
data between consecutive dosing dates. In general, average values included data recorded the 
day after dosing (at 0 0 : 0 0  hours) up to the last data recorded before an increase in particle 
concentration was observed due to the next dosing period.
4.4.1. Inlet
The influent for the four pilot beds was filtrate from a full-scale slow sand filter plant, and as 
such contained a low concentration of particulates (Figure 23). Although particulate nutrients 
were limited within the supply water, dissolved nutrients would still have been available.
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Figure 23 Pre-dosing particle size distribution data within inlet 
for particle range 2pm to 4pm particles (6 ^^ January 1997)
An increase in inlet particle concentration with time was observed, and corresponded to an 
increase in daylight hours, ambient temperature and dissolved oxygen (Chapter 4.1.). In 
addition, micro-organisms within the supernatant, either from the influent or remaining from 
dosed suspensions, may have accumulated. However, due to the dormant state of the Bacillus
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spores and the lack of light, growth and reproduction of the dosed organisms was minimal.
Table 3 Average inlet particle concentration 
(does not include particle data during dosing period)
Average Particle No. 
(counts/ml) 2-4pm
Particle diameter range 
4-8pm 8 - 12pm 12-15pm 15-125pm
week 1 1.7 1 . 2 1 . 1 0.4 1 . 2
week 2 1.9 1 . 1 1 . 0 0.4 1 . 2
week 3 & 4 2 . 6 1 . 6 1.4 0.4 1.5
week 5 3.4 2.5 2 . 1 0 . 8 3.1
week 6 15 17 15 4 7
week 8  & 9 793 198 81 2 2 18
week 1 0 1939 363 73 18 15
week 1 1 2297 247 93 27 26
week 1 2 1818 365 134 36 27
There was a general decline in particle concentration with increase in particle diameter (Table 
3), which is typical of most natural waters. The inlet concentration for the first two weeks was 
extremely low, generally less than 2 counts/ml, with the majority of particles being 2 |im to 
4pm in diameter. Such low loading rates onto the beds almost certainly slowed the maturation 
process, and hence their particle capture efficiency.
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Figure 24 Particle size distribution data - Inlet (week 5)
By week 5 surges in particle concentration started to be observed. These surges in 
concentration were due to operational actions on the slow sand filters that supplied the influent
2 4 7
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water. Such actions included switching from one feed water to another (i.e. changing the 
supply water from one reservoir to another) and starting or stopping of main slow sand filter 
beds for maintenance. However, inlet concentrations to the research beds were still low 
(Figure 24, note different y-axis scale to subsequent particle concentration figures).
There was one significant difference between the particle concentration profile during weeks 
10 and 11. During this fortnight, particle concentrations gave a regular profile of maximum 
peaks separated by troughs of lower particle concentrations (Figure 25). These peaks are 
believed to have been caused by an algal bloom.
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c  4000 -
« 2 0 0 0  -
« 1 0 0 0  -
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Time & day after dosing
Figure 25 Particle size distribution data - Inlet (week 11)
4.4,2. 50mm Depth
There was greater variation between sample concentrations measured within one week at a 
bed depth of 50mm than within the supernatant. Some variation between weekly particle 
concentration profiles was also evident.
Particle concentrations at a bed depth of 50mm followed a diurnal trend with time after dosing, 
with maximum concentrations generally occurring during the early afternoon. Whilst only two 
weeks displayed diurnal trends within the supernatant, at 50mm bed depth (and also at 100mm 
and 300mm bed depths) diurnal trends were observed for most weeks.
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Figure 26 Particle size distribution data - 50mm (week 5)
Maximum particle concentrations for particles 2|im to 4pm in diameter generally occurred 
later in the afternoon than maximum concentrations for particles 4pm to 12pm in diameter. In 
addition, the behaviour of particles 2pm to 4pm in diameter differed from larger particles in as 
much as they did not display such noticeable diurnal changes in particle concentrations. This 
may have been influenced by the characteristics of the dosed suspension.
One common factor between all particle size ranges was that the range between maximum and 
minimum particle concentrations was dampened with time, i.e. it reduced the later the date 
after dosing. Additionally, there was an overall decline in particle concentration throughout 
the week subsequent to dosing. This was due to the stabilisation of the bed, where the number 
of stable, unattached particles passing through the bed decreased. However suspended particle 
concentrations were high even six days after dosing, indicating that particles were being 
continually released through the bed.
4.4.3. 100mm Depth
In general, particle concentration profiles at a bed depth of 100mm were similar to those 
displayed at 50mm bed depth. As at a bed depth of 50mm, particle counts at a bed depth of 
1 0 0 mm displayed a diurnal trend in concentration for all particle sizes, although particles 2 pm 
to 4pm in diameter showed smaller diurnal fluctuations in concentration than larger particles 
(Figure 27). Much of the particle size data collected for particles 2pm to 4pm in diameter 
within Bed A at a depth of 100mm showed no clear daily trend, although there was a general 
decline in concentration with time after dosing.
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Figure 27 Particle size distribution data - 100mm (week 2)
There was very little difference between the trends in particle concentrations displayed by 
larger particle ranges. As for samples measured at a depth of 50mm, samples at a deeper depth 
of 1 0 0 mm demonstrated an overall reduction in particle concentration with time after dosing. 
Attenuation of diurnal trends with time was again apparent.
4.4.4. 300mm Depth
As for particle concentrations at 50mm and 100mm bed depths, concentrations at 300mm 
displayed diurnal trends for all particles greater than 4pm, with particles between 4pm to 8 pm 
and 8 pm to 1 2 pm displaying similar trends.
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Figure 28 Particle size distribution data - 300mm (week 1)
Particle concentrations at a bed depth of 300mm differed from other monitored depths, which 
demonstrated an overall reduction in particle concentration with time after dosing. In fact.
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slight increases in particle concentration were observed at a bed depth of 300mm, during four 
out of the thirteen weeks when dosing occurred. There were only three weeks out of the 
thirteen weeks dosed where an overall decrease in particle concentration with time during the 
week after dosing was observed, for all particle size ranges. The remaining weeks displayed 
little change in particle concentrations at a bed depth of 300mm.
Particle concentrations within the bulk fluid for particles with diameters greater than 4pm at a 
bed depth of 300mm were greater than those at 50mm, whilst particle concentrations at a depth 
of 100mm were the least (Table 4). This implies that there was either greater release of 
particles at a bed depth of 300mm than at shallower depths through the bed (due to the 
extremely high dosing concentrations) or there was an increase in particles with depth. 
Increased concentrations may have occurred through organism reproduction or growth.
Table 4 Average of particle concentrations for each particle range, recorded between dosing for
weeks 1 to 1 0  (counts/ml)
Particle 2 to 4pm 4 to 8 pm 8  to 1 2 pm 12 to 15pm 15 to 125pm
size range Min Max Min Max Min Max Min Max Min Max
50 Day 1 4000 6000 600-1600 1200-3200 100-700 150-1300 40-100 60-150 35-85 50-130
mm Day 6 2500 4000 1000-1600 2200-3000 200-800 750-1400 60-100 80-140 50-120 80-120
100 Day 1 3500 6000 500-1500 800-2500 100-600 1 0 0 - 1 1 0 0 30-95 45-160 30-70 40-90
mm Day 6 4000 5500 600-1300 900-2400 150-450 300-1100 50-85 60-120 50-70 60-100
300 Day 1 3500 6000 900-2400 1300-3700 200-800 300-2000 70-150 120-300 60-100 100-190
mm Day 6 4000 5500 1400-2100 1900-3200 400-1000 600-1600 100-200 170-250 80-220 100-280
Table 4 summarises particle concentration data for the first ten weeks, excluding data 
collected over the six hours after dosing commenced. Day 1 signifies one day after dosing, and 
day 6  signifies six days after dosing. The maximum and minimum values are the peak and 
trough of the diurnal trend of the particle concentrations. Ranges of maximum and minimum 
particle concentrations have been given, since the minimum and maximum daily particle 
concentration differed slightly between weeks. The minimum particle concentration often 
increased with time after dosing, whilst the maximum particle concentration generally 
decreased. However, the total number of particles measured over only one day decreased with 
time after dosing.
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4.5. Scanning electron microscopy
Scanning electron microscopy (SEM) data yielded qualitative data on the condition of the pilot 
beds, organism characteristics and capture properties during the research period. It also gave a 
degree of quantitative data, although due to loss of organisms during sample preparation 
(Chapter 3.6.2.) this was used as supportive, not conclusive data.
Polymer production is probably one of the most important properties of a biological system. 
Organisms, such as bacteria, produce polymer strands which hold them onto the medium 
surface. Polymer production occurs once an organism has attached to a media surface, hence 
strengthening the original attachment. Polymer production was evident within the dosed beds, 
and seemed to increase with time, i.e. as the beds biologically matured. The control bed gave 
little evidence of polymer formation, implying a greater degree of biological activity within 
the dosed beds.
Figure 29 shows polymer strands holding bacteria onto the sand surface. The uniform 
arrangement of the strands suggests that they were not artifacts resulting from a biological film 
that shrank during the drying process.
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Figure 29 SEM data showing polymer strands holding bacteria onto sand surface 
(Core sample. Bed A, 50mm to 60mm depth)
Once contact has been made, the polymer surface may assist attachment of other particles. 
Polymer production may be a major contribution to biofilm development. The SEM data 
showed matrix formation, due to polymer production, around attached organisms. Matrix mat 
formation appeared to increase with time, and was observed in all four pilot beds, including 
the control bed (Figure 30).
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Figure 30 SEM data showing biological mat covering bacterial spores 
(Core sample. Bed A, 50mm to 60mm depth)
The greatest attachment of particulates, within all four beds, was seen to occur within crevices 
on the medium surface (Figure 31). The strength of attachment within crevices can be great 
and difficult to break, as was found when trying to release biofilm organisms off media 
surfaces for analysis (Chapter 3.8.4.).
11-AÜS-97 B10Ô05 WDlZnm 15. OkV x5. Ok lOwni
Figure 31 SEM data showing organisms sheltering in crevices 
(Core sample, Bed B, 100mm to 110mm depth)
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Biofilms generally provide suitable conditions for organism growth and reproduction, 
however, in certain environments, biofilm organisms may be so numerous that the available 
nutrient supply is not sufficient to support them all. In addition, new biofilm growth may 
eventually cover previously attached organisms (Figure 30). If the biofilm is dense and thick, 
the transport of nutrients and waste products may be restricted. In such situations, stalks could 
allow organisms to extend to the surface of the biofilm or even into the bulk fluid, away from 
the competition of other organisms. Since bulk fluid velocities are greater away from media 
surfaces there will be a correspondingly higher rate of nutrient transport. If the organism is 
able to capture these nutrients it may be more able to survive unfavourable conditions.
A bacterial spore and its stalk is shown on the right of Figure 29, with the stalk now lying on 
the media surface due to the treatment process. Other SEM samples, from the three dosed 
beds, showed holes in the biological matter surface (Figure 32). These holes may have been 
the original footholds for stalks, which were broken during the sample preparation process.
»
06-OCT-97
Figure 32 SEM data showing evidence of footholds 
(Core sample. Bed A, 50mm to 60mm depth)
Organisms respond differently to environmental conditions and may become dominant if the 
conditions are specifically favourable to them. Such organisms will consequently divide and 
often produce an abundance of polymers in order to assist in their attachment and in the 
capture of nutrients. SEM data gave evidence of ‘swarms’, the polymers produced by such 
‘swarms’ are often thicker than other polymers (Figure 33). Swarms of organisms influence 
bed properties through growth, reproduction, lysis etc.
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Figure 33 SEM data showing polymer production by swarming bacteria 
(Water sample - Week 5, Bed C, 50mm depth)
Low nutrient levels were indicated by SEM data, which showed exceptionally small 
organisms, believed to be bacterial cells (Figure 34). Microbacteria may decrease their size as 
a defence mechanism to unfavourable conditions, in order to increase their surface area to 
volume ratio. This should make the bacteria more efficient, and hence more likely to survive.
r.' A ..f
Figure 34 SEM data showing small bacteria (due to low nutrient conditions) 
(Core sample. Bed B, 50mm to 60mm depth)
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Figure 35 shows some structures uniformly arranged into concentric circles. It is not certain 
what these structures were. There are several suggestions, firstly they could be microcolonies 
of bacteria, as discussed above. However, they are extremely small, even for microcolonies. 
Secondly, it could be the remains of an organism that collapsed during the drying process. 
Alternatively, the structure could be the remains of ciliate protozoa. Figure 36 shows ciliate 
protozoa, their stalk connecting to the main body and the top which would originally have had 
ciliates connected to it. It is postulated that the structures seen in Figure 35 could be the top of 
ciliate protozoa, with the ciliates broken off.
Figure 35 SEM data showing microcolonies/ collapsed organisms/ ciliate protozoa
remains? Also shows fungus.
(Core sample. Bed C, 300mm to 310mm depth)
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Figure 36 SEM data showing ciliate protozoa 
(Water sample - Week 3, Bed A, 100mm to 110mm depth)
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If the structure shown in Figure 35 were the remains of a ciliate protozoa or other damaged 
organism it would most likely have been damaged during the sample preparation process. 
Other organisms within the bed could have been grazed by protozoa and broken down, altering 
properties of organisms within the bed.
Some bacteria are able to grow prosthecate extensions during times of low nutrients, in order 
to increase their surface area to volume ratio. These protuberances are long and generally 
slender. Figure 37 gives an example of what is believed to be a bacterium with prosthecate 
extensions. Prosthecate bacteria were found in samples from all four beds.
#
Figure 37 SEM data showing prosthecate extensions on bacteria 
(Water sample - Week 2, Bed A, 50mm depth)
Other organisms were seen which resembled that seen in Figure 37, but had tapering 
protuberance. Since prosthecate extensions are normally of constant thickness these organisms 
were believed to be different, possibly amoebae. Amoebae also often display less uniformly 
distributed protuberances.
Figure 38 is a sample from a mature rapid gravity filter. The activity of organisms within 
mature slow sand filters has been said to be similar to that within rapid gravity filters (Bayley, 
1998). Comparison of pilot bed SEM data to SEM data of a mature biological bed (Figure 38) 
indicates that the pilot beds were not highly biologically active.
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Figure 38 SEM data showing biological growth within a mature biological bed 
(courtesy of R. Bayley, Thames Water, R&T)
Characteristics of the surrounding environment can influence dominant species, their growth 
and development. Conversely, the presence of certain organisms can indicate environmental 
characteristics such as those demonstrated in Figure 39. Figure 39 shows several Gallionella, 
these organisms are generally associated with the presence of iron, seen here as iron oxide 
surrounding the Gallionella in Figure 39.
Figure 39 SEM data showing colloidal Iron Oxide associated with Gallionella 
(Water sample - Week 1, Bed C, 50mm depth)
258
Final Research Report
Cocconeis spp. diatoms were found in all four pilot beds, an example is shown in Figure 40.
Figure 40 SEM data showing presence of diatoms, Cocconeis spp. 
(Core sample Bed A, 0mm to 50 mm depth)
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4.6. Bulk fluid samples
Examining the capture profile of a bed with regard to time can yield an indication of the bed’s 
characteristics and will assist in the determination of the degree of maturation of the bed. A 
summary of the data has been given in Table 5 and Table 6 . The determination of average 
concentration values has been discussed in Chapter 3.8. The data indicate those areas within 
the individual filter beds which gave the greatest reductions in determinand values. Bars have 
been plotted to show the range of the data values which were averaged to yield the plotted 
value. The percentage reduction in Bacillus globigii spore concentrations, chlorophyll a and 
ATP concentration indicate the ripening profile of the beds. Linear trend lines have also been 
plotted for percentage reduction plots for each depth range. Each determinand’s data is 
discussed in detail below.
Table 5 Summary of average chlorophyll a. Bacillus globigii, adenosine triphosphate and 
particulate organic carbon values over thirteen week dosing period for all four beds
Bed A BedB BedC BedD(control)
Bed depth 0 50 1 0 0 300 0 50 1 0 0 300 0 50 1 0 0 300 0 300
(mm)
Chi’ fl (pg/1) 2 . 2 3.3 1 . 8 0.4 - - - - 2 . 2 0 . 8 0 . 8 0.4 0.3 0.5
Bacillus 5.91 5.72 5.04 3.23 6.29 4.76 4.17 3.37 - - - - 16 2 0
(cfu/ml) xlO^ xlOf xlO^ xlO& xlCf xlOf xlO^ xlOf
ATP (RLU) 731 1023 713 148 96 35 123 0 660 417 182 105 264 194
POC (pg/l) 234 239 204 117 186 148 140 165 188 153 134 135 115 144
Table 6  Summary of average percentage reduction of chlorophyll a, Bacillus globigii, 
adenosine triphosphate and particulate organic carbon through all four beds
Bed A BedB BedC
Bed depth 
(mm)
0-50 50-100 100-300 0-300 0-50 50-100 100-300 0-300 0-50 50-100 100-300 0-300
Chi’ a -56 73 89 8 6 - - - - 6 8 1 1 57 83
Bacillus 4 5 35 43 2 1 1 1 28 50 - - - -
ATP -23 57 1 2 0 83 188 -93 25 500 48 1 1 0 84 93
POC -38 19 35 42 18 -13 -13 13 23 0 - 2 30
4.6.1. Chlorophyll fl
In Bed C, where Chlorella vulgaris alone was dosed, chlorophyll a was removed throughout 
the whole bed depth (Table 7). The greatest removal rate was recorded within the top 50mm 
bed depth. However, considerable removal also occurred at greater depths. Such
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characteristics support headless data findings (Chapter 4.2.) which indicated that the beds did 
not behave like typical slow sand filters, where the majority of headless would be expected to 
develop across the top of the bed.
Table 7 Average chlorophyll a -BedC
Bed depth 0 mm 50 mm 100 mm 300 mm
lig/ 1 2 . 2 0 . 8 0 . 8 0.4
O)
6 81 2 3 4 5 7 9 10 11 12 13
Week -CO -  - a -  -  C50 — Cl 00 — — C300
Figure 41 Average chlorophyll a versus week - Bed C
There was slight evidence of an increase in the chlorophyll a reduction rate due to bed 
maturation which also assisted attenuation of peak loadings. Average percentage reductions 
for Bed C are given in Table 8  and Figure 42. The increase in capture rate within Bed C 
(signified by the gradient of the trend lines) was similar at all the three bed depths monitored 
(Figure 42).
Table 8  Average percentage reduction of chlorophyll a - Bed C
Bed depth 0-50mm 50-100mm 100-300mm 0-300mm
Reduction (%) 6 8 1 1 57 83
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Figure 42 Average percentage reduction of chlorophyll a versus week - Bed C
Average values of chlorophyll a samples within Bed A are summarised in Table 9 and Figure 
43. During the first four weeks, the concentration of chlorophyll a within Bed A was greater 
than within the supernatant (Figure 43). However, the lack of light onto the beds made 
conditions unsuitable for Chlorella cell reproduction within the bed. In addition, pre-dosing 
data gave lower chlorophyll a concentrations than after dosing, confirming that the increase 
was not due to previously retained chorophyll a. Analytical error is unlikely, due to 
consistency of results. It is not believed that the supernatant data was inaccurate since it gave 
similar values of chlorophyll a as Bed C, as would be expected considering that both beds 
were dosed with the same suspension.
Table 9 Average chlorophyll a - Bed A
Bed depth 0  mm 50 mm 1 0 0  mm 300 mm
lig/ 1 2 . 2 3.3 1 . 8 0.4
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Figure 43 Average chlorophyll a versus week - Bed A
Although the data profiles shown in Figure 43 cannot be fully explained, they do highlight 
some important differences between the data of beds A and C. Bed C gave reductions in 
chlorophyll a throughout the whole bed with maximum reductions occurring within the top 
50mm bed depth. However, even after chlorophyll a concentrations within Bed A had 
stabilised, little reduction in chlorophyll a values within the top 50mm bed depth was 
recorded, with the greatest reductions occurring between bed depths 50mm to 100mm. 
However, both beds A and C yielded similar overall reductions through the whole bed depth, 
being 8 6 % for Bed A and 83% for Bed C (Table 8  and Table 10).
Table 10 Average percentage reduction of chlorophyll a - Bed A
Bed depth 0-50mm 50-100mm 100-300mm 0-300mm
Reduction (%) -56 73 89 8 6
The plotted results of chlorophyll a average percentage reduction values for Bed A show an 
increase in the reduction rate of Chlorella cells (Figure 44). This was most noticeable within 
the top 50mm of the bed, where the first five weeks yielded negative percentage reduction 
efficiencies (Figure 44).
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Figure 44 Average percentage reduction of chlorophyll a versus week - Bed A
4.6.2, Bacillus globigii
Reductions in Bacillus globigii spore concentrations within Bed B showed dispersed removal 
throughout the whole bed depth. Reductions in spore counts were irregular, partly due to the 
changing concentration of the dosed suspension, as explained in Chapter 3.5. There was 
evidence of a slight improvement in spore reduction rate over the thirteen week period. 
Attenuation of peak loadings occurred, although percentage attenuation of Bacillus spore 
concentrations were noticeably poorer than attenuation of chlorophyll a within Beds A and C.
Table 11 Average Bacillus globigii - Bed B
Bed depth 0 mm 50mm 1 0 0 mm 300mm
cfu/ml 6.29x10^ 4.76x10^ 4.17x10^ 3.37 xlO^
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Figure 45 Average Bacillus globigii versus week - Bed B
The average percentage reduction rates (Table 12 and Figure 46) show that there was removal 
throughout the whole bed depth, although the overall reduction through the 300mm depth was 
only 50%. The greatest decrease in spore concentration was between 100mm to 300mm.
Table 12 Average percentage reduction of Bacillus globigii - Bed B
Bed depth 0-50mm 50-100mm 100“300mm 0-300mm
R eduction (%) 21 11 28 50
R values given in Figure 46 indicate the degree of variance of data from the trendline. Low 
values signify high variance and hence R^  values for the capture of Bacillus spores within Bed 
B confirm the random profile in Figure 45. The R^  value for reductions in spore 
concentrations between bed depths of 100mm to 300mm, although still low, was higher than 
other R  ^values. This implies a greater degree of stabilised capture with depth, possibly due to 
the attenuation of loading rates at higher levels giving a more stable environment and hence 
more favourable conditions for particle capture. However the average percentage capture was 
still only 28% (Table 12).
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Figure 46 Average percentage reduction of Bacillus globigii versus week - Bed B
Spore concentrations within the bulk fluid of Bed A decreased with depth, especially between 
sample points 100mm and 300mm (Table 14). There was a slight influence of bed maturation 
with time on reductions in spore concentration. Additionally, there was good evidence of 
attenuation of peaks, specifically in week 7 where, although spore concentration was high, 
even at a depth of 100mm, the concentration was noticeably reduced by a depth of 300mm, 
again emphasising the importance of minimum bed depths (Figure 47).
Table 13 Average Bacillus globigii - Bed A
Bed depth 0 mm 50mm 1 0 0 mm 300mm
cfu/ml 5.91 xlO^ 5.72 xlCf 5.04 xlO^ 3.23 xlO^
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Figure 47 Average Bacillus globigii versus week - Bed A
The average percentage reductions of Bacillus spores within Bed A were poor (Table 14). The 
overall reduction throughout the whole 300mm bed depth was only 43%. As in Bed B the 
majority of spores were captured between 100mm to 300mm although Bed B also gave 
noticeable reductions in Bacillus spore concentrations within the top 50mm bed depth. The 
reduction rate for Bacillus spores within Bed A was much more erratic than for Chlorella 
cells.
Table 14 Average percentage reduction - Bacillus globigii - Bed A
Bed depth 0-50mm 50“ 100mm 100-300mm 0“300mm
R eduction (%) 4 5 35 43
As for Bed B, R values for reductions in spore concentration in Bed A were low, indicating 
high variance of capture. Again, some degree of stabilisation was observed with depth, i.e. the 
value for 100mm to 300mm was considerably higher than at shallower depths. In addition, 
only the bed depth between 100mm to 300mm displayed recognizable maturation (Figure 47).
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Figure 48 Average percentage reduction of Bacillus globigii versus week - Bed A
4.6.3. Adenosine Triphosphate (ATP)
The concentration of Bacillus globigii spores and Chlorella vulgaris cells dosed onto Bed A 
were the same as those dosed onto Beds B and C respectively, being dosed from the same 
tanks at the same dosing rate. Hence, if the organisms within each bed displayed similar 
characteristics and underwent similar interactions, it could be expected that the summation of 
the ATP values measured at sampling points within Beds B and C would relate to the ATP 
measured in the corresponding sampling point of Bed A. This assumes that the influence of 
other organisms was negligible, due to the high dosing concentrations of Bacillus spores and 
Chlorella cells and the high quality of the influent water. However, comparing ATP measured 
in Bed A with the summation of ATP values for corresponding samples within Beds B and C 
did not yield such a relationship (Table 15). This confirmed the hypothesis that the beds 
behaved in different manners, and had developed different characteristics due to differences in 
the loaded suspensions.
In order to assess these differences, the relationships between Bacillus globigii spore 
concentration, chlorophyll a and ATP were examined. In general, ATP results related well to 
chlorophyll a values whilst there was no noticeable relationship with Bacillus spore 
concentrations. This was supported by a control experiment, which gave extremely low ATP 
for highly concentrated samples of Bacillus spores.
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Table 15 ATP comparison between Bed A and Beds B+C
ATP (RLU)
Bed depth Bed A BedB BedC Bed B+C
0 mm 731 96 660 756
50mm 1023 35 444 479
1 0 0 mm 713 123 182 305
300mm 148 0 105 105
The results of the control experiment described above were confirmed by ATP values 
measured during the dosing on the research beds, which showed that ATP within Bed B was 
much less than for Beds A and C (Table 15). Figure 49 and Figure 50 show the relationship 
between ATP and chlorophyll a within Beds C and A respectively. The linear trendlines 
indicate a relationship between ATP and chlorophyll a within both beds.
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Figure 49 Average chlorophyll a and ATP versus week - Bed C
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Figure 50 Average chlorophyll a and ATP versus week - Bed A
Figure 51 and Figure 52 give the relationship between ATP and Bacillus globigii 
concentrations within Beds A and B. They imply that there was little correlation between ATP 
and Bacillus spore concentrations.
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Figure 51 Average Bacillus globigii and ATP versus week - Bed B
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Figure 52 Average Bacillus globigii and ATP versus week - Bed A
ATP within Bed A was influenced by the concentration of chlorophyll a, resulting from the 
presence of Chlorella cells. Since the amount of ATP present in a Chlorella cell was much 
greater than ATP present within a dormant Bacillus spore, the presence of Chlorella cells 
would have a greater influence on ATP than vice versa. Bed B gave variable ATP which was 
even lower than the control bed (Table 5), hence the amount of ATP within the bed may have 
been influenced by the presence of organisms carried in by the influent stream and not that 
released from the Bacillus spores.
The proportion of ATP resulting from the Bacillus spores only is unknown. However, 
values indicate that there was little correlation between ATP and Bacillus spore 
concentrations. Consequently, the relationship between ATP and Bacillus spore 
concentrations will not be explored further.
Bed C ATP concentrations displayed evidence of maturation and improved attenuation of 
peak loadings with time (Figure 53).
Table 16 Average adenosine triphosphate - Bed C
Bed depth 0 mm 50mm 1 0 0 mm 300mm
RLU 660 444 182 105
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Figure 53 Average adenosine triphosphate versus week - Bed C
Bed C gave the highest reduction in ATP values over the 300mm bed depth out of all the pilot 
beds, yielding a reduction in ATP of 93% (Table 17).
Table 17 Average percentage reduction adenosine triphosphate - Bed C
Bed depth 0-50mm 50 100mm 100-300mm 0-300mm
Reduction (%) 48 1 1 0 84 93
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Figure 54 Average percentage reduction of ATP versus week - Bed C
ATP at all bed depths within Bed A were greater than recorded within Bed C. Reasons for the 
lower ATP measured within the supernatant than within the bed have been discussed in 
Chapter 4.6.1. The overall removal of ATP within Bed A was 83%, which was similar to the 
percentage removal of chlorophyll a of 8 6 %.
Table 18 Average adenosine triphosphate - Bed A
Bed depth 0 mm 50mm 1 0 0 mm 300mm
RLU 731 1023 713 148
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Figure 55 Average adenosine triphosphate versus week - Bed A
The greatest reduction in ATP within Bed A occurred between 100mm to 300mm bed depth, 
as indicated by the trend lines in Figure 56. The top 50mm displayed an overall increase in 
ATP, although the removal rate improved so that reductions in ATP concentrations were 
monitored towards the end of the research period. Concentrations of chlorophyll a within Bed 
A displayed similar responses.
Table 19 Average percentage reduction adenosine triphosphate - Bed A
Bed depth 0-50mm 50-100mm 100-300mm 0-300mm
Reduction (%) -23 57 1 2 0 83
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Figure 56 Average percentage reduction of ATP versus week - Bed A
4.6.4. Particulate Organic Carbon (POC)
Unlike the parameters previously discussed, POC data was not collected before dosing 
commenced. Hence the data given below represents the overall POC accumulated during the 
whole run period of the bed, and not that accumulated during the dosing period. However, the 
influence of background counts in other parameters on bed efficiency was small. As such, it 
was unlikely that calculated bed efficiencies, measured in terms of percentage capture, would 
have been greatly altered.
Table 20 Average particulate organic carbon - Bed B
Bed depth 0 mm 50mm 1 0 0 mm 300mm
Pg/ 1 186 148 140 165
Although there was an overall reduction in POC concentration through Bed B, POC fluctuated 
greatly within the bed and were not much greater than within Bed D (Table 20 and Table 5). 
Hence POC proved to be an inappropriate parameter for monitoring Bacillus spore 
concentrations. POC values within Bed B are given in Figure 57.
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Figure 57 Average particulate organic carbon versus week - Bed B
The profile of POC concentration in Bed C (Figure 58) was less variable than in Beds A and 
B. There was evidence of POC reduction with depth, although attenuation of peaks was poor. 
The results did not relate well to chlorophyll a or ATP within the bed (Table 7 and Table 16), 
in particular there were peaks in concentration on week 1 1  that were not recorded by any other 
parameter monitored. However, this peak may have been due to an algal bloom influencing 
the supply water properties (discussed in Chapter 5.2.).
Table 21 Average particulate organic carbon - Bed C
Bed depth 0 mm 50mm 1 0 0 mm 300mm
Pg/l 188 153 134 135
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Figure 58 Average particulate organic carbon versus week - Bed C
The data given in Table 22 does not reflect the results given in Table 21 above. Table 21 was 
determined by averaging the weekly POC concentrations obtained after dosing for each 
individual sampling point (with each weeks data being the average of four samples). The data 
given in Table 22 was determined by calculating the percentage removal between sampling 
points for the weekly data (i.e. the average of the four samples measured after dosing), for 
each week of dosing. These percentage reductions were then averaged. Hence, Table 22 gives 
an indication of the cumulative bed removal performance rather than assessing the total 
amount of POC removed over the whole of the run period.
Table 22 Average percentage reduction particulate organic carbon - Bed C
Bed depth 0-50mm 50-100mm 100-300mm 0-300mm
Reduction (%) 23 0 -2 30
There was a general progressive reduction in POC values throughout the whole depth of Bed 
A, even though POC values were variable. POC values were greater in Bed A than the other 
three beds. This may have been caused by the higher suspended particle concentrations within 
Bed A due to Bacillus spores saturating attachment sites, resulting in greater concentrations of 
non-attached Chlorella cells within the bulk fluid.
Table 23 Average particulate organic carbon - Bed A
Bed depth 0mm 50mm 100mm 300mm
Pg/1 234 239 204 117
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Figure 59 Average particulate organic carbon versus week - Bed A
Table 24 Average percentage reduction particulate organic carbon - Bed A
Bed depth 0-50mm 50-100mm 100-300mm 0-300mm
Reduction (%) -38 19 35 42
278
Final Research Report
4.7. Core Samples
Sand samples were taken from Beds A, B, C and the control bed D in order to gain an 
indication of the amount and strength of adhesion of organisms to the sand media. Sample 
preparation methods have been discussed in Chapter 3.8.4,
All determinands within all four beds gave greater concentrations of organisms within hand 
shaken samples than within mechanically shaken samples. This implied that the greatest 
proportion of organisms were loosely attached or trapped within the interstitial pores, with a 
lower proportion of organisms having stronger attachment to the media surfaces.
4.7.1. Chlorophylls
Beds A, C and D sand samples were measured for chlorophyll a. Water samples (as described 
in Chapter 3.8.) were also measured, but chlorophyll a values were too low to be seen on the 
figures showing the relevant core sample concentrations. Chlorophyll a concentrations within 
sand samples of the control bed (Bed D) were considerably lower than within the dosed beds 
(Table 25).
Table 25 Core samples chlorophyll a (flg/1) - Bed D
Hand Mech
DO 0.23 0.06
D50 0.07 0.01
DlOO 0.04 0.01
D300 0.02 0.01
Hand and mechanically shaken samples within Bed C displayed a decrease in chlorophyll a 
across the top 50mm bed depth by a factor of approximately three, with a subsequent decrease 
between 50mm to 100mm and 100mm to 300mm by a factor of approximately two. This 
implies that loosely and reversibly attached organisms were captured throughout the whole 
bed depth, although greater capture occurred within the top 50mm. Such data agrees with 
water samples which also displayed particle capture throughout the whole 300mm bed depth 
(Chapter 4.6.1.). Chlorophyll a concentrations within hand shaken samples (loosely attached) 
were generally greater than mechanically shaken samples (reversibly attached) by a factor of 
approximately four.
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Table 26 Core samples chlorophyll a (|Xg/l) - Bed C
Wat
D ay  0  
Hand Mech Wat
D ay  1 
Hand Mech Wat
D ay 2 
Hand Mech Wat
D ay 3  
Hand Mech Wat
D ay  4 
Hand Mech
CO 6.9 300 68 0.3 268 79 0.2 481 135 0.1 403 89 0.1 21220 6093
€ 5 0 0 .2 119 23 0.1 115 23 0.1 118 37 0.1 177 32 0.0 8138 1521
€ 1 0 0 0.0 60 12 0.1 43 23 0.0 80 16 0.0 116 27 0 .0 4339 1000
€ 3 0 0 0 .0 6 0.0 0.1 28 12 0.1 70 13 0.1 56 14 0.1 2342 677
Figure 60 (plotted on a log scale) gives the plot of core samples for depths 0mm to 10mm and 
300mm to 310mm within Bed C, other samples have not been plotted for reasons of clarity, 
but followed the general trend of the data shown. In general, water sample concentrations were 
seen to reduce with time after dosing. Core sand samples gave variable concentrations, often 
displaying an increase in chlorophyll a with time. All sand samples yielded much higher 
chlorophyll a values four days after dosing, this increase was too great to have resulted from 
particle release within the bed.
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Figure 60 Core samples: chlorophyll a within Bed C, 
measured daily for four days subsequent to dosing
Bed A initially gave greater chlorophyll a concentrations than Bed C for core samples. Since 
each bed was core sampled during a different week, and hence dosed with different 
suspensions, variations in dosing concentrations occurred. Hence, the greater chlorophyll a 
concentrations resulted from a more concentrated dosing suspension of Chlorella cells being 
dosed onto Bed A than onto Bed C.
By day three. Bed C sand samples yielded greater chlorophyll a concentrations than Bed A. 
The data showed that unlike Bed C, chlorophyll a values within Bed A sand samples generally
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decreased with time after dosing, although slight increases in core sample concentrations were 
again noted on day 4. Such data demonstrates that Bed A was unable to retain previously 
captured particles, and hence released them back into the bulk fluid.
As within Bed C, Bed A hand shaken samples (loosely attached organisms) were greater in 
magnitude than mechanically shaken samples (reversibly attached organisms) by a factor of 
approximately four (Table 27). In addition, reductions in chlorophyll a concentrations within 
sand samples occurred with depth, reducing by a factor of approximately three to four within 
the top 50mm bed depth, and by a factor of approximately two between subsequent depths. As 
for Bed C most organisms, both loosely and reversibly attached, were concentrated within the 
top of the bed. Hence the main difference between the beds was not the degree of reduction 
with depth but the difference in chlorophyll a concentration with time.
Table 27 Core samples chlorophyll a (flg/1) - Bed A
Wat
Day 0
Hand Mech Wat
Day 1
Hand Mech Wat
Day 2
Hand Mech Wat
Day 3
Hand Mech Wat
Day 4
Hand Mech
AO 39 742 2 1 0 0 . 2 591 155 0.4 422 126 0 . 1 343 8 6 0 . 2 404 113
A50 3.2 167 39 0 . 2 203 46 0 . 2 165 29 0 . 1 147 32 0 . 1 156 27
AlOO 0 . 8 94 25 0.3 89 18 0 . 1 87 18 0 . 1 104 18 0 . 1 115 2 0
A300 0 . 2 85 19 0 . 1 84 23 0.3 56 19 0 . 2 40 1 1 0 . 2 55 1 2
Figure 61 shows the results of chlorophyll a concentration for Bed A. The data for sampling 
points A50 and A100 have not been plotted to aid clarity, although both sampling points 
displayed similar trends to the data presented.
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Figure 61 Core samples chlorophyll a within Bed A, 
measured daily for four days subsequent to dosing
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4.7.2. Bacillus globigii
Samples were measured for Bacillus globigii within Beds A and B. Certain samples could not 
be measured due to spore concentrations being too great, even after dilutions had been carried 
out. The maximum count that was recommended in order to ensure reliability of the results 
was 2xl0^counts/ml. There were some plates where greater concentrations were measured, 
since the colony forming units were defined enough to count. It was necessary to assign a 
value to samples with counts greater than 2  x lO^counts/ml in order to be able to plot them on 
a graph. Hence, all results, which were too concentrated to measure accurately, were given the 
arbitrary value of 1.6 x lO^counts/ml. Maximum Bacillus concentrations are shown in bold in 
Table 28 and Table 29.
Table 28 Core samples Bacillus globigii (cfu/ml) - Bed B
Day G Day 1 Day 2 Day 3 Day 4
Wat Hand Mech Wat Hand Mech W at Hand Mech Wat Hand Mech W at Hand Mech
BO 2.1
xl04
1.6
xlO*
1.3
xlOf
4.3
xlO?
1.6
xlO*
6.2
xlO?
6.2
xlOf
1.6
xlO*
7.4
xlO?
5.9
xlOf
1.6
xlOf
6.5
xlO?
/ 1.6
xlO*
1.6
xlO*
B50 2.0
xlOf
1.6
xlO*
1.1
xlOf
2.2
xlO?
1.6
xlO*
6.0
xlO?
7.7
xlO"^
7.6
xlO^
2.0
xlO?
3.8
xlO^
1.6
xlO*
8.2
xl07
5.8
xlO^
1.6
xlO*
1.6
xlO*
BIGG 1.4
xlO^
1.6
xlO*
6.3
xlO?
3.0
xlOf
1.2
xlO*
6.5
xlO?
5.9
x l ( f
6.7
xlO"^
4.8
xlO^
4.7
xlO^
1.6
xlO*
6.5
xio7
/ 1.6
xlO*
1.9
xlO?
B3GG 2.2
x1Q5
3.4
xlO?
1.3
xlO?
1.7
xlO*
5.2
xlO?
5.8
xlO?
6.8
xlO^
5.8
xlO"^
1.6
xlO"^
6.4
xlO'^
7.1
xlO?
2.8
xlO?
3.9
xlO"^
7.1
xlO^
4.6
xlO?
In both Beds A and B, all water samples yielded lower concentrations of spores than sand 
samples, with hand shaken samples yielding the highest spore concentrations. However, the 
percentage reduction of spore concentrations was much less than the relative percentage 
reduction in chlorophyll a. The extremely high concentration of spores within the dosed 
suspension would have contributed to the poorer percentage capture rate, along with the added 
difficulty of capturing the smaller sized spores. There was a general decrease in spore 
concentration with depth within Bed B, although water samples often displayed increased 
concentrations with depth (Table 28).
Spore concentrations in Bed B water samples increased from the day of dosing to the 
following day. Following this, concentrations tended to decrease with time, indicating release 
of previously captured spores. Due to high concentrations of Bacillus spores within Bed B, it 
was not possible to decipher reliable trends for hand shaken samples except for those 
measured between 300mm to 310mm, where an increase in spore concentration with time was 
recorded (Table 28). This increase with time indicates an increase in the number of reversibly 
attached spores. However, due to high concentrations at shallower depths it is not possible to 
say whether such increases occurred throughout the whole bed depth. The increase at 300mm 
could have resulted from the capture of previously attached spores being released from
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shallower depths. There was no trend with time for mechanically shaken sand samples within 
BedB.
Figure 62 gives the plot of spore concentrations within the top 10mm bed depth and between 
bed depths 300mm to 310mm. Data for other bed depths have not been plotted for clarity 
reasons.
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Figure 62 Core samples Bacillus globigii within Bed B, 
measured daily for four days subsequent to dosing
Bed A Bacillus concentrations were greater than Bed B. However, each bed was core sampled 
during a different week, and hence dosed with different suspensions. Hence differences in 
concentrations were due to different concentrations of the dosing suspensions.
Table 29 Core samples Bacillus globigii (cfu/ml) - Bed A
Day 0 Day 1 Day 2 Day 3 Day 4
Wat Hand Mech Wat Hand Mech Wat Hand Mech Wat Hand Mech Wat Hand Mech
AO 2.8
xlO?
1.6
xlOf
5.0
xlO?
4.7
xl03
1.6
xlO*
1.6
xlOf
1.3
x l ( f
1.6
xlO*
1,6
xlO*
1.2
xl03
1.6
xlO*
1.6
xlO*
9.0
xlOf
1.6
xlO*
1.6
xlO*
A50 1.6
xlO*
1.6
xlO*
1.6
xlO*
1.1
x l ( f
1.6
xlO*
2.5
xlO?
5.2
xlO^
1.6
xlO*
1.6
xlO*
7.1
xlO^
1.6
xlO*
1.6
xlO*
9.6
xlOP
1.6
xlO*
1.6
xlO*
AlOO 1.3
xlO?
2.7
xlO^
2.7
xl07
1.0
xios
1.6
xlO*
3.2
xlO?
7.8
x l ( f
1.6
xlO*
3.4
xlO?
5.1
xlOf
1.6
xlO*
4.9
xlO?
2.7
xlO^
1.6
xlO*
3.6
xlO?
A300 8.8
xlOf
1.6
xlO*
1.9
xl07
I.l
xlOf
1.6
xlO*
1.4
xlO?
8.4
xlO^
1.6
xlO*
1.5
xlO?
2.6
Xl04
1.6
xlO*
6.8
xiof
2.3
x l ( f
1.6
xlO*
1.6
xlO*
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At ail Bed A sampling stages except one, hand shaken samples yielded greater spore 
concentrations than could be reliably measured (Table 29). Water samples yielded much lower 
concentrations than sand samples, indicating that a high proportion of attachment had 
occurred. As for Bed B, water sample concentrations implied a general trend of increasing 
concentration with depth into the bed, whilst mechanically shaken samples gave a general 
trend of decreasing spore concentrations with depth, implying particle release throughout the 
whole bed depth with time after dosing.
Bed A water samples generally decreased in spore concentration with time after dosing 
(Figure 63). It was not possible to assess hand shaken samples since all samples gave 
concentrations too great to reliably count, however, this did imply that there was a high 
proportion of loosely attached spores within the bed. Mechanically shaken samples showed 
high concentrations within the top layers of the bed, again being too great to measure. There 
was no obvious trend in the concentration of mechanically shaken samples with time. Such 
high concentrations of Bacillus spores probably influenced the ability of Chlorella cells to 
attach, by reducing the amount of available attachment sites. The ability of Bacillus spores to 
remain attached was difficult to assess due to maximum concentrations being measured. 
However, water samples implied some release of spores with time.
For clarity only the top-most and bottom-most samples have been plotted in Figure 63. 
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& 1.0E+07 ......................  X.
.?  1.0E+06 -- n
2 1.0E+05O)
« 1.0E+04
•5  1.0E + 03 
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“  1.0E+02
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1
•• - - 0 - .  
 - O
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2 3 4
^  ^ . _ _ o _ _  Water AO _  _  Hand AO
No. days after dosing Mech. AO Water A300
Hand A300 ---x-- Mech. A300
Figure 63 Core samples Bacillus globigii within Bed A, 
measured daily for four days subsequent to dosing
4.7.3. Particulate Organic Carbon (POC)
POC analysis was carried out on core sand samples taken within beds A, B, C and D. No water 
samples were measured for POC. Again the control bed gave much lower concentrations than 
the dosed beds (Table 30).
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Table 30 Core samples particulate organic carbon (mg/1) - Bed D
Hand Mech
DO 0.27 0.08
DSC 0.14 0.01
DlOO 0.00 0.00
D300 0.08 0.03
Generally all three dosed beds, at all depths and on each day of sampling, gave greater 
concentrations of POC within hand shaken samples than mechanically shaken samples. This 
implied that there were more particulates constituting the POC which were loosely attached to 
the sand media than more firmly attached organisms.
There was a general decline in POC concentrations within Bed B mechanically shaken 
samples with depth into the bed (Table 31). POC values within hand shaken samples also gave 
an overall reduction with depth, although this was much more variable than within 
mechanically shaken samples. Hence, maximum capture again occurred at shallower depths. 
Time seemed to have no consistent influence on POC values.
Table 31 Core samples particulate organic carbon (mg/1) - Bed B
Day 0 Day 1 Day 2 Day3 Day 4
Hand Mech Hand Mech Hand Mech Hand Mech Hand Mech
BO 10 49 167 52 11 93 259 53 129 74
B50 41 24 130 44 96 39 29 35 81 65
BlOO 52 16 61 33 77 21 57 32 67 39
B300 32 22 69 4 17 18 42 6 28 7
Data points for B50 have not been plotted in Figure 64 for clarity reasons, however their trend 
in POC was similar to BlOO, although slightly greater concentrations were measured. POC 
concentrations within Bed B varied greatly and did not relate to Bacillus spore concentrations.
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No. days after dosing Hand BlOO . -x- - Mech. BlOO 
Hand B300 . x Mech. B300
Figure 64 Core samples particulate organic carbon within Bed B, 
measured daily for four days subsequent to dosing
Bed C hand shaken samples gave POC values greater than mechanically shaken samples by a 
factor of approximately two to three. This factor was notably less than that displayed by 
chlorophyll a, indicating that POC concentrations were not directly related to chlorophyll a. 
Hand shaken samples generally gave reducing POC with depth although the trend was less 
consistent than for mechanically shaken samples (Table 32).
Table 32 Core samples particulate organic carbon (mg/1) - Bed C
Day 0 
Hand Mech
Day 1 
Hand Mech
Day 2 
Hand Mech
Day3 
Hand Mech
Day 4 
Hand Mech
CO 114 54 56 49 169 78 215 55 113 82
C50 0 0 48 17 73 39 1 0 1 34 67 26
€100 45 0 26 31 68 32 45 27 72 33
€300 1 0 0 / 37 1 0 52 27 65 26 35 23
One day after dosing. Bed C POC values generally increased for hand shaken samples until 
day three, with a slight reduction in POC being observed on day four. There was no 
discernible pattern for mechanically shaken samples with time (Figure 65).
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Figure 65 Core samples particulate organic carbon within Bed C, 
measured daily for four days subsequent to dosing
There was no trend in POC with time in Bed A. Hand shaken samples generally gave a 
reduction in POC down to a bed depth of 100mm with an increase in values noted between 
100mm to 300mm. This corresponds to water samples which gave the greatest reduction in 
POC within Bed A to occur between a bed depth of 100mm to 300mm (Chapter 4.6.4.), 
although water sample data was only obtained on the day of dosing. Since mechanically 
shaken samples gave reductions in POC throughout the whole bed depth, the decrease in POC 
would have resulted in an increase in loosely attached particles. Data plots for AO and A300 
samples are given in Figure 6 6 .
Table 33 Core samples particulate organic carbon (mg/1) - Bed A
Day 0 
Hand Mech
Day 1 
Hand Mech
Day 2 
Hand Mech
Day3 
Hand Mech
Day 4 
Hand Mech
AO 102 44 147 76 122 102 188 22 282 89
A50 51 13 115 46 77 21 38 30 78 39
AlOO 54 24 46 37 102 18 20 25 62 18
A300 94 26 83 3 61 32 48 2 71 0
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Figure 6 6  Core samples particulate organic carbon within Bed A, 
measured daily for four days subsequent to dosing
288
Final Research Report
4.8. Summary of results
Temperature, pH and dissolved oxygen, measured in the supernatant of Bed A, indicated an 
increase in biological activity within all four beds’ supernatants. The increase in headloss 
across the pilot beds was much lower than would be expected in a full-scale slow sand filter.
Particle size distribution data, monitored only within Bed A, gave further information 
regarding bed properties. Diurnal cycles were observed during weeks ten and eleven within 
the supernatant. At other depths diurnal trends were observed for most weeks within Bed A.
Particle concentrations within the bulk fluid of Bed A, for particles with equivalent spherical 
diameters greater than 4p.m, ranged from maximum to minimum at bed depths 300mm, 
50mm, 100mm respectively. In the majority of cases, particle concentrations within Bed A for 
each range of particle size measured, decreased during the week after dosing. The diurnal 
cycle was attenuated during the week after dosing, resulting in smaller differences between the 
minimum and maximum particle concentrations.
Bed A chlorophyll a. Bacillus count and ATP concentrations within the bulk fluid did not give 
increases in concentration at a bed depth of 300mm. Rather, water samples generally gave 
greatest reductions in values between 100mm to 300mm bed depths whilst core samples gave 
most capture within the top 50mm bed depth, with decreasing concentrations into the bed. 
This data indicates that the increase in particle counts at a bed depth of 300mm was not due to 
an increase in Bacillus spore or Chlorella cell concentrations.
The attenuation of peak loads through Bed A was good throughout the experimental period. 
POC samples were much more varied and did not show such good attenuation as the 
chlorophyll a. Bacillus spore and ATP measurements. This may have been due to the limits of 
reliability of the analytical method used.
Bacillus spores showed much less uniform decreases in concentrations over the experimental 
period than Chlorella cells. This was, in part, caused by the difficulty in ensuring equal dosing 
concentrations of Bacillus spores and also due to high sample concentrations requiring 
dilution for analysis. However, the enumeration of the spore samples showed that reductions 
in spore concentrations were occurring throughout the whole of Bed B.
ATP and POC concentrations within Bed B were much lower than in Beds A and C and even 
lower than within the control bed. Hence ATP and POC were found not to be suitable 
determinands for monitoring the rate of reduction of spore concentration. Indeed, POC values 
were variable within all four beds and were not deemed a suitable determinand for this work.
Comparisons between the beds revealed several differences. Firstly, when comparing 
chlorophyll a concentrations within beds A and C (both dosed with Chlorella vulgaris cells) 
Bed A initially demonstrated limited decrease in chlorophyll a within the bulk fluid through
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the top 50mm of the bed but significant reductions between 50mm to 300mm. Conversely, 
Bed C gave highest reductions through the top 50mm bed depth. Both beds gave reduced ATP 
with depth, with Bed A again giving greatest reductions below 50mm depth, and Bed C 
throughout the top 50mm of the bed. Both beds demonstrated good attenuation of peak loads 
and similar overall percentage reduction rates.
There was a general reduction in core sample concentrations for all determinands with depth 
into the beds. Trends in concentration with time were more variable. One common factor 
between all determinands analysed within all four beds was that there was a greater 
concentration of organisms loosely held or trapped within interstitial pores than organisms 
reversibly attached to media surfaces. Concentrations were considerably lower within water 
samples for chlorophyll a and Bacillus spores than within sand samples implying good 
retention of organisms within the bed.
In Bed A the majority of core samples displayed a decrease in chlorophyll a with time 
indicating an inability to retain previously captured particles. Conversely in Bed C most sand 
samples displayed increased chlorophyll a concentrations with time. Such differences between 
bed properties indicate the influence the addition of Bacillus spores had on Chlorella cell 
capture. This may have influenced Chlorella capture by reducing the number of available 
attachment sites and strength of attachments formed.
The regions of capture of Bacillus globigii spores were the same within Beds A and B, with 
spore concentrations within core samples indicating a decrease with depth. However, Bacillus 
spore capture was less within Bed A than Bed B. Core sample spore concentrations were much 
greater than spore concentrations within water samples, indicating the high degree of spore 
capture. Although the majority of spores were captured and retained within the two beds, 
unattached spores readily penetrated deeper into the bed.
For both Beds A and B (where Bacillus globigii was dosed) increased removal of spores was 
observed over the thirteen week period. However, removal was not concentrated within 
specific depths. Capture rates varied greatly at all depths and for the whole dosing period, with 
many samples giving increased spore concentrations with depth into the bed. However, the 
overall reduction efficiency of the beds did increase with time, demonstrating the importance 
of a minimum depth and ripening period in order to ensure reliable removal of all organisms.
Core sand samples within Bed A, that could be reliably counted, displayed a slight decrease in 
spore concentration during the week after dosing, indicating some release of previously 
captured spores back into the bulk fluid. Bed B did not display any trend in spore 
concentration with time.
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Section 5
Discussion
5.1. Bed Characteristics
The pilot beds used for this research did not perform in a similar manner to slow sand filters 
operated by Thames Water. This was due to the beds being covered and low nutrient loading. 
One difference between the pilot beds and a typical Thames Water slow sand filter was that 
the pilot beds gave no visual evidence of schmutzdecke formation. Slow sand filters are 
typically characterised by the development of a schmutzdecke, with mature schmutzdeckes 
often being very dark in colour, due mainly to the presence of algae (Huisman & Wood, 1974; 
Haarhoff & Cleasby, 1991). Since the pilot beds were covered, photosynthetic activity was 
restricted and a dark schmutzdecke layer would not be expected. However, covered slow sand 
filters have been shown to produce effluents of equivalent quality to uncovered beds (Chipps, 
1997), indicating that schmutzdeckes are not a fundamental requisite for water treatment.
Another characteristic of slow sand filters is the development of a highly active biological 
layer within the top few centimetres of the bed (Huisman & Woods, 1974). Most particle 
capture occurs within this layer, resulting in the greatest headloss. However, headloss 
developed uniformly across the whole depth of the pilot beds. Chlorophyll a. Bacillus spores, 
ATP and particle count data also indicated capture throughout the whole depth of the beds.
Headloss development through all four pilot beds was low, with the control bed measuring 
greater headloss than Bed C (dosed with Chlorella vulgaris only). This indicated low 
accumulation of matter within the beds. However, since headloss was dispersed throughout 
the whole bed depth, the resistance to flow due to matter accumulation was also dispersed, 
reducing headloss effects. In addition, since the pilot beds were covered, headloss 
development would be expected to be much slower than within uncovered beds (Haarhoff & 
Cleasby, 1991; Chipps, 1997).
POC measured within the bulk fluid at a bed depth of 300mm was 117|ig/l (Bed A), 165|ig/l 
(Bed B) and 135|ig/l (Bed C). This was greater than measured within core samples which gave 
an average value within all four beds of 57|ig/l. This indicated poor POC capture within the 
pilot beds, especially when compared to Thames Water quality criteria for treated water before 
chlorination (Table 34). Conversely, Chlorophyll a concentration within the bulk fluid at a bed
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depth of 300mm was 0.4p,g/l (Bed A), 0.4fig/l (Bed C) and 0.5jXg/l (Bed D). This was much 
lower than chlorophyll a measured within core samples, with the average of core sample data 
yielding 100p,g/l. Although capture of chlorophyll a was greater than POC, the concentration 
at 300mm bed depth gave only moderate effluent quality, when compared to Thames Water 
quality criteria (Table 34).
Table 34 Thames Water quality criteria for treated water before chlorination (Brennan, 1995;
Newby & Chipps, 1994)
Water quality 
score
Turbidity
(NTU)
POC
(pg/1)
Chlorophyll a 
(I4g/1)
Total particle 
number
Excellent <0.1 < 30 <0.1 <200
Good 0.1-0.15 3 0 -5 0 0.1-0.25 200 - 400
Moderate 0.15-0.25 5 0 -7 5 0.25 - 0.6 400 - 600
Poor 0.25 - 0.5 75 - 100 0.6- 1.0 600 - 1000
Very Poor >0.5 >100 >1.0 > 1000
SEM examination of core samples showed greater attachment of organisms within the dosed 
beds than within the control bed, although the sand grains analysed showed much less 
aggregation of particles than would be expected within the biologically active zone of a 
mature slow sand filter operated by Thames Water (Bayley, 1998). These data indicated that 
headloss is too coarse a measurement to determine the performance of a treatment system 
similar to that used in this research.
There are several reasons for the difference in performance between the pilot beds and typical 
Thames Water slow sand filters. Firstly, the influent loading the pilot beds was treated effluent 
from a full-scale slow sand filter, and as such had a reduced nutrient loading. In addition, since 
the beds were covered, photosynthetic activity within the pilot beds’ supernatants was 
minimal.
Concurrent research showed that biofilms, consisting of organisms typically found within the 
biological layer or schmutzdecke of a slow sand filter, developed within clean pipe systems 
when fed with the same influent as loaded onto the pilot beds (McMath et al., 1997). This 
corroborated SEM micrographs, which showed that biological activity and biofilm 
development occurred within the pilot beds. However, although biofilm development 
occurred, the influent properties adversely influenced the rate of development of an active 
biological community within the bed and hence slowed the maturation process (Haarhoff & 
Cleasby, 1991).
One of the most important features of a slow sand filter is its biological community. 
Restrictions to the development of this community can considerably influence bed
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performance, since it not only assists in particle capture but also the inactivation of harmful 
organisms, such as bacteria and viruses, and the breakdown of organics. Low nutrient 
environments were indicated by SEM micrographs which showed bacteria with prosthecate 
extensions and groups of micro-bacteria. These variants of bacterial morphology are responses 
to low nutrient environments, enhancing the surface:volume ratios and hence nutrient uptake 
(Laskin & Lechevalier, 1977).
The pilot beds were operated at a faster flow rate than typical slow sand filters (0.7m/h as 
opposed to 0.15 to 0.2m/h). Although this increased the flux of nutrients loading the beds, it 
also encouraged greater particle and nutrient penetration into the media. This would have 
encouraged other organisms, such as protozoa which feed on algae, to penetrate deeper into 
the bed, in pursuit of available nutrients. Hence, increasing the flow rate increased the depth of 
biological activity, and may have increased the diversity of organisms at depths within the bed 
(Haarhoff & Cleasby, 1991).
In addition, the concentrated suspensions of Chlorella vulgaris and Bacillus globigii dosed 
onto the pilot beds at weekly intervals resulted in the periodic disturbance of filter bed 
characteristics. Changes in bed flow rates has been shown to adversely influence filter bed 
performance (Glasgow & Wheatley, 1997). Changes in particle loading will also alter bed 
characteristics, due to changes to nutrient availability or demand and increased competition for 
attachment sites, which can influence the bed capture efficiency.
In order to gain a better understanding of conditions influencing the pilot beds, the 
characteristics of the influent were assessed. Dissolved oxygen, pH and temperature within the 
supernatant of Bed A indicated the presence of active photosynthetic and heterotrophic 
organisms within the slow sand filter supplying the influent water. In addition, dissolved 
oxygen data showed a gradual increase over the thirteen week period, implying a progressive 
increase in biological activity within the supply bed.
The dissolved oxygen released during the day was used during the night by respiring 
organism, however, the research data show that at no stage did conditions go anoxic within the 
supply bed. Importantly, the flow rate in the pilot beds was faster than normally applied to 
slow sand filters. This resulted in better transport of gases into the bed. Furthermore, 
biological activity was lower than within the supply bed. It may therefore be concluded that 
the pilot beds never went entirely anaerobic, although small areas could have experienced 
transient periods.
Maturation involves the initial conditioning of a bed through the capture of particles, either 
biological or inert. Such particles can enhance the capture of other particles within the bed by 
increasing the available attachment surface area or enhancing media surface properties, say by 
polymer production (Characklis & Marshall, 1990). Fletcher & Floodgate (1973) reported that 
bacteria can produce two types of polymer. The first polymer assists adhesion, whilst the 
second is produced after adhesion and may render the surface more amenable for attachment
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by other organisms, strengthen the initial attachment and/or protect the bacteria from predators 
or toxins (Marshall, 1985).
Water companies often define maturation by assessing the condition of the bed through the use 
of several determinands. Originally bacteriological determinands were used, which involved 
the enumeration of samples and a delay of several days before the results were ready. More 
recently, ATP analysis has been used (Mackay et a l, 1996; Smith et a l, 1994). If the level of 
ATP in the effluent is less than lOORLU it is considered safe to be returned to supply (standard 
set and applied by Thames Water: Smith et a l, 1994). Such real-time analysis is of great 
importance for ensuring an efficient and economic system, in order to put the bed effluent 
back into supply as soon as it is safe to do so.
Applying the Thames Water definition of maturation to the pilot beds indicated that the 
research beds under discussion had not matured, since the pilot beds generally gave effluent 
ATP values greater than lOORLU. However, within this work, the term maturation is used to 
indicate an improvement in bed performance with respect to time, i.e. an increase in the ability 
of the bed to capture particles. Hence, when one of the research beds is defined as having 
matured, the implication is not that the effluent is safe to drink, but rather that an improvement 
in capture efficiency has been observed with respect to time. Such an increase in capture 
efficiency was noted over the thirteen weeks monitored, indicating a degree of bed maturation.
Samples of the bulk fluid within the three research beds, which had been dosed with different 
combinations of suspensions of Chlorella vulgaris cells and Bacillus globigii var. niger 
spores, were monitored. The data demonstrated that there were different responses between 
the beds, and also between the dosed cells and spores, to changes within the beds brought 
about by maturation. However, ATP within Bed B were less than those measured within the 
control Bed D. This implies lower bio-activity within Bed B than D, due to the influence of the 
Bacillus spores. Consequently, it is concluded that certain organisms may restrict biological 
development of filter beds, for example, grazing protozoa which would contribute to the ATP 
measured but which may not be able to use Bacillus spores as food.
Bulk water samples indicated that Bacillus spores were captured mainly deep within the beds, 
while the zones indicating maximum capture of Chlorella cells varied between beds. Hence 
the influence of an active biological layer within the top of the bed was not noticeable. 
Bacillus globigii spores, due to their dormant status and hard walls, would have acted in a 
similar manner to inert particles.
Analysis of bulk fluid samples indicated poorer capture of the Bacillus spores than the 
Chlorella cells. This was partly due to the size of the organisms. Bacillus globigii var. niger 
spores are smaller than Chlorella vulgaris cells, being approximately between 1.5p,m to 1.8|im 
long by 0.8|im wide as opposed to the Chlorella cells which have diameters up to lOjim 
(Bellinger, 1992; Bold & Wynne, 1978). Past research (Yao et al., 1971) has demonstrated
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that, within clean bed systems, particles greater than 1 pm in diameter are usually transported 
under gravitational forces, whilst smaller particles are generally transported under diffusional 
forces. The research also concluded that particles of dimensions close to the transition stage 
between transportation by sedimentation and diffusion, i.e. approximating 1 pm diameter, are 
the most difficult to capture.
More recent research by the author (Part 2: Chapter 5.3.2.) and O’Melia (1985) has shown that 
the particle size at which the transition between transportation forces occurs may be greater 
than the 1pm determined by Yao et al. (1971). The particle size at which capture efficiency is 
least will depend on properties such as particle density, bulk fluid viscosity, bulk fluid velocity 
and mean medium diameter. Hence, due to the size of the respective particles and considering 
physical properties only, the Bacillus spores proved more difficult to capture than Chlorella 
cells.
Chlorella cells were transported under sedimentation whilst Bacillus spore transportation was 
more influenced by diffusional forces. Since both gravitational and diffusional forces are 
inversely proportional to the flow rate, the faster flow applied in the pilot beds decreased the 
transport efficiency of particles to media surfaces.
4 1Sedimentation or gravity ©c — Diffusion ©© —
Bed maturation influenced attenuation of loadings within the pilot beds. Attenuation is defined 
as the ability to ‘reduce the amplitude o f or ‘tapering gradually’ (Allen, 1990). In this work 
attenuation is defined as the reduction in variations of particle concentration, i.e. the ability to 
‘smooth out’ peaks or surges in concentration. The regions most responsible for attenuating 
peak loadings corresponded well to the regions where greatest reductions in concentrations 
occurred, with attenuation increasing as the beds matured.
Reductions in concentrations and capture rates varied between depths and beds, influencing 
the overall attenuation efficiencies. Bulk fluid samples for chlorophyll a and ATP experienced 
greatest reductions and attenuation during dosing between 50mm to 100mm in Bed A and 
between 0mm to 50mm within Bed C. Additionally, Bed C demonstrated a more consistent 
removal profile of chlorophyll a over the thirteen week period than Bed A. Since all 
parameters except dosing suspensions were kept constant between the beds, the data indicates 
that the differences in bed performance were a consequence of the presence of Bacillus spores, 
influencing bed properties and particle capture mechanisms.
Bacillus spore data indicated less bed maturation and less attenuation of spore concentrations 
than indicated by chlorophyll a data. The majority of attenuation within Bed A occurred 
between 100mm to 300mm, whereas there was no specific bed depth within Bed B which 
demonstrated consistent attenuation. However, although Bed B did not display a consistency
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of peak attenuation at specific depths, there was an overall attenuation of peak loadings 
throughout the whole bed. This work demonstrates the importance of minimum bed depths, 
since different organisms will exhibit different depths of bed penetration.
The influence of particle size on capture efficiency has already been discussed. Another factor 
which will influence bed capture efficiency is the ability of organisms present within the bed, 
either within a biofilm or free living, to break down and use other organisms as a nutrient 
source (Haarhoff & Cleasby, 1991). In such situations there are two conditions of importance, 
namely the ability to release nutrients and the ability to use the released nutrients.
Bacillus globigii spores have tough walls, which would be much more difficult to break down 
than the cell walls of Chlorella vulgaris. In addition, a Bacillus spore is dormant and is a much 
lower energy source than a Chlorella cell. Chlorella cells secrete a wide range of compounds 
(Fogg, 1952), such as proteins and polysaccharides, which may constitute an important 
nutrient source for other organisms. SEM micrographs indicated greater polymer production 
and microorganism diversity in beds dosed with Chlorella, i.e. Beds A and C. However, due to 
the nature of the SEM analysis, interpretations of the data cannot be substantiated. This body 
of work indicates that the algal cells may have assisted bed maturation by increasing the 
suitability of conditions to support biological activity.
5.2. Particle Count Data
Particle concentrations were measured within Bed A’s supernatant and at bed depths of 50mm, 
100mm and 300mm. As normally found in natural waters, inlet samples generally displayed a 
decrease in particle concentration with increasing particle diameter. However, concentrations 
at inlet were extremely low (Chapter 4.4.1.: Table 3). Particle concentrations increased within 
the inlet over the thirteen week period. This was partly due to increasing biological activity, 
resulting from more favourable environmental conditions, such as longer daylight hours (of 
influence only to the supply bed) and warmer temperatures. Surges in particle concentrations 
also started to occur, due to operational actions on the main slow sand filter supplying the inlet 
water, such as changing the supply reservoir and taking filters out or putting them back into 
supply.
During weeks 10 and 11 ( 1 1 /^ March to 2"^ April), the particle concentration profile, within 
the supernatant of Bed A, displayed a diurnal trend. This trend coincided with the diurnal trend 
displayed by inlet dissolved oxygen. Inlet concentrations for particles 2pm to 4pm in diameter 
ranged between less than 10 counts/ml during the night hours, to approximately 5000counts/ 
ml between midday and midnight (Figure 67). The maximum concentration reduced to 
approximately 2500 counts/ml one week after dosing.
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Figure 67 Particle counts within the Inlet of Bed A showing diurnal
trends resulting from algal bloom (week 11 - 24* to 30^ " March)\th
The author believes that the increase in particle concentration resulted from an algal bloom, 
which had penetrated the main slow sand filters. This would support the relationship observed 
between inlet particle concentrations and dissolved oxygen, since the photosynthetic algae 
would have produced oxygen that was transported in the supply water to the research bed 
supernatant along with the algal cells. Hence, it is concluded that the dissolved oxygen within 
the research bed supernatant were due to the activity of the organisms measured, i.e. 
photosynthetic diatoms.
Algae generally reproduce between 2am to 4am (Round, 1981). Since a typical Thames Water 
slow sand filter is operated at 0.2m/hr and has a sand depth of approximately 1.5m, the time 
for an algal cell to travel through the bed and into the effluent would be approximately eight 
hours (allowing for the tortuous path through the sand bed and time within the supply line). 
This estimation assumes that there is sufficient light penetration through the main bed’s 
supernatant to allow for photosynthesis. Such time delays correspond well with the peaks and 
troughs in particle concentrations observed at the inlet to the research filter beds.
By week 12 (31^  ^ March to 6 * April) the trends in particle concentration were no longer 
observed, indicating that the algal bloom was finished. Algal penetration through slow sand 
filters is one of the problems being addressed by the water industry and may benefit from this 
research. However pathogen penetration is of much more immediate concern, both to the 
water industry and its customers.
Although SEM data gave evidence of the presence of diatoms {Cocconeis spp.; Bellinger, 
1992) attached to media surfaces within all four beds, the size range of the diatoms seen was 
approximately 8 jim to 25pm. This was much greater than the size recorded by the particle 
counters during the proposed algal bloom. The profile of the particle concentrations supported 
the author’s theory of a bloom of organisms, which were greatly influenced by available light.
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Hence, if the diatoms observed within SEM samples produced the change in particle count 
data, there was a discrepancy between particle size measurement and SEM analysis.
The particle counters measured particles suspended in the bulk fluid, possibly newly formed 
spores, whilst the SEM samples in which diatoms were found were core samples and hence 
measured the size of attached and developed organisms. Consequently, diatoms measured by 
the SEM would have had the opportunity to establish themselves and grow, assuming they 
were capable of heterotrophic activity. In addition, larger organisms would have been more 
easily captured, leaving smaller organisms suspended in the bulk fluid to be measured by the 
particle counters.
Another fact to consider is that the SEM and particle counter used different measurement 
methods. Particle counter measurements are influenced by optical density, and hence may 
yield different equivalent sizes than the SEM for the same organism.
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Figure 6 8  Particle counts within Bed A for particle size range 2pm to 4pm, 
showing diurnal trends resulting from algal bloom (week 11 - 24^  ^to 30* March)
At the same time as the diurnal trends in inlet concentrations were observed, trends at depths 
within the bed became less consistent (Figure 6 8  and Figure 69). Particle concentrations 
increased greatly and became more erratic, especially for particles 2pm to 4pm in diameter. 
This is likely to have resulted from the rupture of the algal cells due to shear forces, as they hit 
the media, resulting in the release of small particulates, such as plastids and starch grains. A 
second, less dominant, mechanism may have been the die-off of attached organisms and 
biofilms, due to reduced levels of available nutrients deeper within the bed. Since there was no 
light, photosynthesis could not occur. However, many benthic diatoms may function 
temporarily as heterotrophs, which may have influenced the available nutrient source. 
However, the author believes it to be unlikely that such a mechanism could have resulted in 
such sudden increases in particle concentrations.
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In contradiction to the previous hypothesis, the algal cells may have acted as a source of 
nutrients for other organisms within the bed, making conditions more suitable for growth and 
reproduction of organisms. Such a mechanism would explain the increase in smaller particle 
concentrations, i.e. 2pm to 4pm. Consequently, smaller organisms would have resulted from 
organism reproduction or the activation of previously semi-dormant species within the bed as 
conditions became more favourable.
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Figure 69 Particle counts within Bed A for particle size range 4pm to 8pm, 
showing diurnal trends resulting from algal bloom (week 11 - 24* to 30* March)
In general, all particle size ranges monitored within Bed A (i.e. at 50mm, 100mm and 300mm 
bed depths) displayed diurnal trends during the first ten weeks. Trends for particles greater 
than 4pm equivalent diameter were more regular and pronounced than trends displayed by 
particles 2pm to 4pm in diameter. Maximum particle concentrations occurred during daylight 
hours, with minima during the night hours.
The reason for the more notable diurnal nature of 4pm to 8pm particle concentrations as 
opposed to particles 2pm to 4pm in diameter was due to different particle characteristics. It is 
believed that the increase in particle counts was a consequence of cell division due to more 
favourable conditions. However, data indicated that neither the Bacillus spores nor the 
Chlorella cells were the main contributor to these trends of increasing particle concentrations.
This assumption was based on several facts. Firstly, the Bacillus globigii spores were in a 
dormant state, and as such diurnal changes in temperature and nutrient availability had no 
influence on the spore behaviour, as confirmed by a control sample of Bacillus spores 
(Chapter 3.7.). In addition, a second control experiment had shown that the particle counters 
measured Bacillus globigii spores as being between 2pm to 4pm in diameter. The particles 
that displayed the greatest diurnal changes in concentration were 4pm to 8pm in diameter, 
which were too big to be Bacillus spores.
The algal cells were in a more active state than the Bacillus spores, and were more influenced
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by changes within the bed. Additionally, their size range, as measured by the particle counter, 
corresponded with the particle size range where diurnal changes were the most prominent, i.e. 
4pm to 8 pm. However, since Bed A was covered, and samples were taken down to a depth of 
300mm below the sand surface, the Chlorella cells would not have been able to 
photosynthesise and grow. This was confirmed by core samples, which showed that the 
concentration of chlorophyll a decreased with bed depth, which did not correspond to particle 
concentration profiles.
Hence, assuming cell division was the cause of the increase in particle concentration, it 
resulted from the division of heterotrophic organisms. Many diatoms can exhibit heterotrophic 
behaviour and hence could have contributed to the increase in particle concentration. Although 
the increase in particle numbers was probably due to cell reproduction, this work is unable to 
define which organisms were responsible.
Particle size distribution data also showed that the greatest concentration of particles within 
Bed A before the algal bloom was at a depth of 300mm, i.e. particle numbers increased with 
depth. Such properties are again uncharacteristic of slow sand filters. Unlike particle count 
data, core samples analysed for chlorophyll a and enumerated for Bacillus spores showed that 
concentrations reduced with depth into Bed A. Hence, it was established that the increase in 
particle concentrations was not due to Chlorella or Bacillus reproduction or release.
The particle size ranges which yielded the greater increases in concentrations with depth, 
closely resembled the particle size concentrations which gave the more pronounced diurnal 
changes. The data show that particle concentrations and the degree of particle penetration 
through Bed A varied throughout the day. In addition, the data indicate that the diurnal 
increase in particle concentration was the reason for the overall increase in particle 
concentrations with bed depth, intimating that the increase in particle concentrations was 
related to biological reproduction. Such diurnal increases in particle concentration have been 
reported to occur within biofilm systems. It is sometimes a response to physiological or 
environmental factors, such as changes in temperature or light, which cause variations in cell 
metabolism (Costerton et al., 1995).
The observation that particle counts increased daily due to changes in biological activity 
brought about by changes in bed temperature and dissolved oxygen content is potentially 
important to industry. Such responses may result in improved plant performance for biological 
filters, or if the loadings are too large, greater pathogen penetration may result. This work 
illustrates the need for on-line monitoring, since daily sampling may either under-estimate or 
over-estimate particle loads. Such variations may also exist for other parameters, such as ATP. 
However, due to time and resource limitation ATP data could not be continuously monitored.
Models developed for assessing filter performance generally do not consider biological 
mechanisms. Some models will consider matter accumulation, but again in a purely physical 
manner. The diurnal trends observed within the pilot beds would not be considered in
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modelling nor if the bed was assessed on the basis of traditional filtration theory. This body of 
work highlights the need to consider all mechanisms that may occur within biological beds, 
and to be cautious of assumptions made during modelling.
Maximum particle concentrations for particles 2pm to 4pm in diameter within Bed A often 
occurred at different times to maximum particle concentrations for particles 4pm to 12pm. In 
any environment, certain organisms will be more dominant than others, since they respond 
differently to stimuli (James et al., 1995; Mueller, 1996). If a species is dominant its reaction 
to stimuli could greatly influence the bed characteristics, e.g. the particle size distribution 
profile of the bed. This again can result in bed characteristics not considered by models.
The time when maximum and minimum particle concentrations occurred varied greatly 
between individual weeks, generally occurring between 2pm to 6 pm and 5am to 11am, 
respectively. Consequently, if the above hypothesis is true, some further explanation is 
required. What may occur is a change to the dominant species, or a change in characteristics of 
a species as the external environment changes (James et a l, 1995). The characteristics of the 
bed were not only influenced by biological activity within it, but also by external conditions 
and the characteristics of the supply water. Since the supply water was obtained from full 
scale, uncovered, slow sand filters, factors that influenced their characteristics also indirectly 
influence the research beds.
5.3. Regions of C h lo r e l la  v u lg a r i s  and B a c i l l u s  g lo b ig i i  capture
Suspensions of Bacillus globigii spores indicated a slightly higher degree of hydrophilicity 
(0.5% adherence to hexadecane) than for Chlorella vulgaris cells (1.4% adherence to 
hexadecane), as measured using the MATH technique. However, the author did not consider 
the difference in hydrophilicity to be of great significance, since the hydrophilicity of naturally 
occurring bacteria has been shown to range between 0% to 100% (Neu et a l, 1994). Particles 
with hydrophilic surfaces, such as the Bacillus spores and Chlorella cells, will have water 
molecules bonded to their surface. Hence, before particles can contact, this layer of water must 
be displaced, resulting in a repulsive hydration force. Such forces may be present over long 
ranges, and may even exceed the range over which van der Waal’s forces act (Gregory, 1993).
One means by which the hydrophilic organisms could attach would be via hydrogen bonds. 
Since sand is also hydrophilic, there would be a tendency for the Bacillus spores and Chlorella 
cells to form bonds with the media surface by bonding with water molecules already on the 
media surface. However, hydrogen bonds are generally weak and the stability afforded to 
particles by a layer of water may prevent attachment.
Another means by which hydrophilic forces may be overcome is through the formation of 
extracellular polysaccharides, which can be produced by bacterial and algal cells. Although 
extracellular polysaccharides may alter the surface charge of the associated organism it does
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not necessarily result in a reduction of the net negative surface charge, since the polarity of the 
charges vary between different strains of extracellular polysaccharides. SEM data showed 
formation of polymers within all four beds, although polymer production was noticeably less 
within the control bed. Fimbriae and flagella can also influence surface charge and 
hydrophobic properties. Such protuberances may have different charges to the rest of the 
organism and may significantly influence the hydrophobic properties of the organism.
In both beds where Bacillus globigii spores were dosed, i.e. Bed A {Bacillus and Chlorella) 
and Bed B {Bacillus only), water samples gave greatest reductions in concentrations of 
Bacillus spores, chlorophyll a and ATP during dosing below a depth of 50mm. However, in 
Bed C where the dosed suspension only contained Chlorella vulgaris, reductions occurred 
fairly evenly throughout the whole bed depth. The difference in capture of Chlorella cells 
within Beds A and C may have been due to the influence of Bacillus spores on the algal cells 
ability to adhere to the media surface. This probably resulted from Bacillus spores attaching to 
the media surface rendering conditions unsuitable within the top 50mm for Chlorella cell 
attachment during dosing.
All bed core samples indicated maximum retention of Chlorella vulgaris cells and Bacillus 
globigii spores, measured over the thirteen week period, occurred within the top 50mm bed 
depth. The difference in regions of maximum particle capture, interpreted from water and core 
sample data, was due to the strength of attachment of the particles. Water samples indicated 
the initial regions of capture during dosing whilst core samples indicated the regions of long­
term attachment. Hence, although water samples from Beds A and B initially gave greatest 
capture rates below a bed depth of 50mm, the strength of attachment is thought to have been 
weak, and particles were released back into the bulk fluid with time. The ability of organisms 
to firmly attach decreased with depth. This was indicated by increasing concentrations of 
spores and chlorophyll a within water samples and corresponding decreasing concentrations 
within core sand samples with depth.
The differences in performance between Beds A and C were believed to be due to the strength 
of attachment forces, with initial attachment forces within Bed A being weaker than within 
Bed C. This was confirmed by core samples which indicated that the degree of particle 
attachment within Bed A reduced with time after dosing, whilst in Bed C there was little 
variation in core sample concentrations.
Decreases in chlorophyll a concentrations within Bed A core samples with time could have 
been due to decay or redistribution of cells. Since both beds were dosed with the same 
suspension of Chlorella cells and chlorophyll a was detected within both beds until day four, 
decay was thought to be unlikely. Hence it was concluded that release of cells occurred, as 
indicated by Bed A bulk fluid samples.
Particle capture within Bed A was influenced by the greater loading of particles onto the bed. 
Although an increase in particle concentration can increase the particle capture efficiency of
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slow sand filters (Weber-Shirk & Dick, 1997), the extremely high loading onto these pilot 
beds may have led to saturation of attachment sites and, hence, greater bed penetration. Bed A 
was dosed with the cumulative particle concentration of Beds B and C, hence there would 
have been greater saturation of, and competition for attachment sites. A larger proportion of 
the dosed particles may have been unable to find a suitable attachment site and would have 
been carried deeper into the bed. However, the surface area of the media was determined to be 
greater than the cumulative Bacillus surface area by a factor greater than 3 x 10 .^ The surface 
area of the Chlorella cells was not known. However, the data indicate that there would have 
been sufficient attachment sites available.
All core samples gave greater concentrations of Bacillus spores and chlorophyll a trapped 
within the interstitial pores or loosely attached to media surfaces than more firmly attached to 
media surfaces. The factor of difference in concentrations between loosely attached and more 
firmly attached particles was approximately four. However, it should be noted that the limit to 
the number of particles that could be trapped within the interstitial pores was dependent upon 
the interstitial pore volume. The concentration of loosely attached organisms was restricted by 
the much smaller surface area. Non-attached organisms were much less numerous, as 
indicated by water sample concentrations.
The dominant capture mechanisms of Bacillus spores and Chlorella cells were most probably 
sedimentation and biological mechanisms. Straining was not considered to be a significant 
capture mechanism due to the size of the cells. The reason for most organisms being captured 
within the top 50mm bed depth was more favourable conditions, i.e. better supply of gases and 
nutrients, which would have stimulated the growth and reproduction of cells. Such favourable 
conditions would also have encouraged polymer formation as observed on SEM data, and 
hence increased the likelihood and strength of bond formations. The production of 
polysaccharide chains resulted in a matrix that assisted in the capture of other suspended 
particles. The formation of a matrix was observed in SEM data.
Mixed species environments result in competition for attachment sites as well as nutrients, as 
observed within Bed A. This is likely to result in dominant species, and possible penetration 
into the bed of less dominant species. Dominant species often change as environmental 
conditions change, such as the algal bloom indicated by particle count data (Bayley, 1985). 
Multi-species communities not only influence the characteristics of the media attachment 
sites, but also the surrounding environment and subsequently the surface characteristics of 
other organisms.
5.4. Adenosine Triphosphate (ATP)
ATP is used to estimate the total living biomass of natural microbial populations. Comparisons 
of ATP values with other monitored determinands gave an indication of the potential benefits 
and disadvantages of using ATP as an indicator tool to assess the total living biomass within a
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system.
The control bed gave ATP readings averaging approximately 200RLU. Bed B’s ATP values 
were lower than the control bed, whilst both Beds A and C showed much greater ATP. This 
indicated that the Bacillus spores did not release much ATP. Additionally, although the profile 
of ATP values correlated well with chlorophyll a samples from Beds A and C (R^=0.910 and
0.523, respectively) there was noticeably less correlation with Bacillus spore concentrations 
within Beds A and B (R^=0.153 and 0.001, respectively). The lower correlation between 
chlorophyll a and ATP within Bed C than within Bed A indicates the influence of other 
organisms on ATP concentration within Bed C, since the proportion of organisms other than 
Chlorella contributing to ATP within Bed C was greater. The data imply greater biological 
activity within Bed C than within Bed A, resulting from the influence of the Bacillus spores.
The lower concentrations of ATP within Bacillus spore samples may have been due to several 
factors. Firstly, it is possible that the chemical added was unable to fully break down the spore 
wall, and hence release, and accurately estimate, the contained ATP. Secondly, the Bacillus 
spores were dormant and would have contained relatively little ATP with respect to organisms 
such as Chlorella vulgaris. ATP measured within concentrated suspensions of germinated and 
non-germinated Bacillus spores still gave extremely low ATP, demonstrating that low 
measurements were due to low concentrations of ATP within the spores and not experimental 
limitations.
Since Bed D gave more ATP than Bed B, it implies that the ATP measured within Bed B 
resulted from the presence of other organisms and not Bacillus spores. This work illustrates 
that the accuracy of estimating ATP within a mixed sample may depend upon the organisms 
being analysed, and hence will vary between waters with different characteristics. This finding 
is immensely important. When assessing the quality of a water using ATP, it is important to 
consider the properties of all suspended particulates, especially since many pathogens can be 
in cyst or oocyst form, such as Cryptosporidium oocysts and Giardia cysts, and their presence 
may be masked by more abundant sources of ATP.
In addition, if a filter bed fails to meet non-biological water quality standards, the use of ATP 
to indicate when the biological bed is safe to be put back on line would not be appropriate. 
Some beds may meet biological effluent standards, but fail on other criteria not measured by 
ATP analysis. Although this is seldom a problem, since many monitoring methods will be 
employed simultaneously, the use and application of ATP analysis should be carefully 
considered.
Particle, bulk fluid and bed characteristics can all influence the capture efficiency of a bed, and 
the speed at which the bed will mature. This is of immense importance when considering the 
potential breakthrough of pathogens. Physical and biological mechanisms will determine 
which particles will be captured, which destroyed and which will penetrate deeper into the 
bed.
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Section 6
Conclusions
The pilot beds were not operating at maximum particle capture efficiency. Particle capture 
would have been expected to increase given more time, which would have allowed the beds 
to increase their bio-activity and particle capture efficiency. This work has confirmed the 
importance of bed maturation on the particle capture efficiency and reliability of a 
biological bed. Maturation has also been shown to be greatly influenced by the properties 
of the particles and dissolved nutrients loading it. Attenuation has been demonstrated to be 
influenced by bed and particle characteristics, and is also a necessary bed characteristic if a 
safe and reliable effluent is to be provided.
Data indicated that the pilot beds’ characteristics varied from those of slow sand filters 
operated by Thames Water. Particle capture occurred down to the lowest monitored bed 
depth of 300mm. This was due to faster flow rates, low nutrient availability and the weekly 
dosing of concentrated suspensions of Chlorella vulgaris and Bacillus globigii var. niger.
Particle size distribution data showed that an algal bloom occurred during weeks 10 and 11
(17^  ^ to 30^ March). This greatly influenced particle concentrations within the bed. The 
diurnal cycles recorded for the previous week was replaced with highly variable particle 
concentrations most likely caused by the rupture of the algal cells due to shear forces, as 
they hit the media.
Diurnal trends in particle concentration were observed at all monitored bed depths. This 
was determined to be due to biological activity. This work illustrates the importance of 
sampling schedule, since the time of sampling can greatly influence the concentrations 
recorded and could give an false image of bed performance.
Increases in particle concentration with depth were recorded within Bed A. The particle 
size ranges which yielded the greatest increase corresponded to the size ranges displaying 
the most pronounced diurnal trends. It was concluded that the increase with depth was due 
to biological activity, resulting in particle reproduction and also particle release.
The increase in particle concentration with depth in Bed A did not correspond to increases 
in chlorophyll a. Bacillus spore concentrations nor ATP. Other organisms were present, 
which produced the increase in concentration with depth. This demonstrates the importance 
of selection of appropriate monitoring tools and determinands. This work clearly identifies 
the need for many monitoring methods, in order to ensure that all potential hazards are 
monitored. The monitoring methods should take into consideration raw water 
characteristics, environmental factors, potential contamination sources and treatment 
system.
Diurnal and biological changes in bed properties are not considered by filter models. For a 
reliable assessment of bed performance to be made, the author recommends that filter beds 
are monitored over a 24 hour cycle, to assess diurnal changes, and several filter runs
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monitored over one year, to assess the influence of annual variations.
ATP is a useful means of real-time monitoring, and may be used to indicate when a system 
is safe to be put into supply. However, ATP was shown not to be an appropriate monitoring 
determinand for Bacillus spore penetration. Furthermore, it has been demonstrated that 
ATP will not warn of potential peaks in dormant organisms which are in spore or cyst 
form, especially in systems where other organisms, such as algae, are present. This is 
potentially dangerous for systems which may be exposed to pathogens such as 
Cryptosporidium parvum or Giardia lamblia.
The research into the dosing of Bacillus spores and Chlorella cells demonstrated the ability 
of uprated slow sand filters (run at 0.7m/hr) to cope with extremely high and fluctuating 
loading concentrations. All three beds demonstrated the ability to progressively reduce the 
concentration of Bacillus spores and Chlorella cells loading the beds. All three beds also 
demonstrated reductions in ATP through the beds. However, data revealed that the capture 
efficiency of the beds, when dosed with high concentrations of organisms at an increased 
bed flow rate, was not adequate due to poor bed maturation.
Maturation and attenuation was evident within all beds, although it was more pronounced 
in chlorophyll a than Bacillus spore concentrations. This corresponded to the greater 
capture efficiency for these organisms. Particle concentrations within Bed A also 
demonstrated attenuation of diurnal trends with time after dosing.
Bacillus spore capture was less than Chlorella cell capture, due partly to the size of the 
organisms. Organism biological characteristics were also important. This work indicated 
that the algal cells may have been used as a nutrient source and hence assisted in the 
biological maturation of the bed. This would have aided particle capture efficiency within 
the bed.
It was concluded from this work, that the beds developed different characteristics due to 
differences between the dosed suspensions. This was displayed by differences in particle 
capture efficiencies, both during dosing and after the thirteen week period. ATP data 
implied that the presence of the Bacillus spores within Bed B may have restricted 
biological activity within the bed, and hence slowed bed maturation.
Bed A core samples displayed reductions in chlorophyll a with time after dosing. There 
was little change in Bed C concentrations, demonstrating the influence of Bacillus spores 
on attachment strength.
Data indicated that the presence of Bacillus spores within Bed A reduced the strength of 
attachment of Chlorella cells during dosing, resulting in initial maximum capture below 
50mm within Bed A and within the top 50mm for Bed C. This was influenced by the higher 
particle suspension concentration loading Bed A than Beds B and C, saturating attachment 
sites. However, both beds A and C gave maximum particle retention within the top 50mm 
of the bed when measured after thirteen weeks.
The regions of Bacillus spore capture were the same within Beds A and B. Initial 
attachment measured during dosing was greatest below a bed depth of 50mm. Core 
samples gave greatest concentrations of spores within the top 50mm bed depth as measured 
after thirteen weeks. This indicated that the strength of attachment below 50mm was 
weaker than attachment forces within the top 50mm bed depth.
All beds gave maximum capture within the top 50mm bed depth when measured after 
thirteen weeks. The greatest concentration of chlorophyll a. Bacillus spores and ATP were 
measured loosely attached or within the interstitial pores, lower concentration were 
measured for more strongly attached particles.
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This work emphasises the importance of minimum bed depths, in order to minimise 
penetration of peak loads that may occur due to changing conditions. The design of a 
treatment system should always take into consideration raw water characteristics and 
operational constraints. It is imperative that the treatment process and analysis methods 
consider not only economical and traditional constraints but also raw water characteristics, 
environmental factors, available resources and the knowledge and abilities of the operators.
This work demonstrated that Bacillus globigii var. niger can be used to represent pathogens 
in cyst form. Chlorella vulgaris was useful in this work to demonstrate the different 
responses of organisms to their environment. However, the author does not believe it to be 
an appropriate ‘surrogate’ organism for assessing the response of pathogenic cysts.
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Appendix A Analytical Methods 
A l  Chlorophyll a (Spectrophotometric assay)
Chlorophyll a analysis is used to estimate the amount of micro-algae in a sample. The 
following procedure is that employed by Thames Water’s laboratories and is based on the 
method reported in the HMSO (1980) publication. It is suitable for samples where the amount 
of chlorophyll a present is greater than lpg/1.
A.1.1 Procedure
1. The sample is shaken and a known volume, say 1 litre, filtered through a Whatman GF/C 
filter pad. The filter is then rolled and placed in a boiling tube.
2. A sufficient quantity of 96% methanol is added to cover the filter.
3. The tube is then placed in a fume cupboard and heated, allowing the methanol to boil for 
approximately ten seconds. The tube is then allowed to cool in the fume cupboard.
4. The cooled methanol extract is filtered through a sintered glass filter which has previously 
been rinsed with methanol. It is necessary to ensure that none of the sample is wasted and 
hence the boiling tube is also rinsed with methanol and the residual poured through the filter.
5. The filtrate is poured into a measuring cylinder, which has been previously rinsed with 
methanol. All apparatus is again rinsed with methanol to prevent sample loss. The filtrate is 
made up to a standard volume, generally 15ml, with methanol and returned to the boiling tube.
6 . The absorbance of a methanol blank is read at 750nm and 665nm using a 4cm cuvette.
7. The methanol extract is poured into a 4cm cuvette and a reading taken at 750nm and 665nm.
The amount of chlorophyll a in the sample is determined by Equation 40 and Equation 41.
Equation 40 Chlorophyll a ~
(water samples, \ig/l) ^
(sand samples, pg/cm^)
where F = (Vw - 0.7)/Vg
/ = path length in cm (usually 4cm) ^b665 ~ absorbance of blank at 665nm
X = pathlength of cell (usually 4cm) ^b750 -  absorbance of blank at 750nm
Vq = volume of aliquot (cm^) l^ s665 ~ absorbance of sample at 665nm
= volume of supernatant filtered (cm^) = absorbance of sample at 750nm
Vg = volume of the sample (litres or cm^)
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A.2 Particulate Organic Carbon Analysis
Particulate Organic Carbon (FOC) is the suspended portion of total organic concentration, 
consisting of solids with diameters greater than 0.45pm. The analysis procedure as employed 
by Thames Water’s laboratories is given below.
A.2.1 Procedure for Water Samples
1. A Whatman GF/C glass filter pad is heated to 500°C for 1 to 2 hours in order to ensure that 
any residual carbon is removed. If higher temperatures are used the pads may fuse. Handle the 
ignited pads with forceps.
2. A known volume of sample is filtered through the cooled filter, sufficient to leave 
approximately 200mg to 500mg of carbon on the filter surface.
3. The filter is transferred to a 100ml conical flask and placed in a fume cupboard. To the flask 
is added 7ml of weak carbon digestant (details for the preparation of the carbon digestant are 
given in Chapter A.2.3). (For every 15 samples tested, it is recommend that two blank samples 
be tested. Ignited filters are used for the blanks.)
4. The conical flask is covered with a watch glass and refluxed on a hotplate at 105°C for one 
hour. If the liquid is seen to turn blue-green a further 7ml of digestant is added.
5. After one hour the flask is removed from the hotplate and left to cool in the fume-cupboard.
6 . Once cool, the watchglass is removed and 20 to 30ml of deionised water added to the flask.
7. One drop of redox indicator is added to the flask and thoroughly mixed. This is then titrated 
against the working FAS (Ferrous Ammonium Sulphate) solution (details for the preparation 
of the working FAS are given in Chapter A.2.3).
8 . The end point is indicated when the solution turns from greenish blue to red.
The amount of POC in the sample is determined by Equation 42:
Equation42 POC =
(water samples, pg/1)
where: n = number of 7ml digestant aliquots required;
B = mean volume of working FAS (cm^) required for the blank titration;
T = volume of working FAS (cm^) required for the sample titration;
S = volume of working FAS (cm^) required for the standard titration.
V = volume of sample (1)
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A.2.2 Procedure for Sand Samples
1. Ignite GF/C filter pads for 1 to 2 hours at 500°C. If higher temperatures are used the pads 
may fuse. Handle the ignited pads with forceps.
2. Shake approximately lOOcm  ^ of sand, made up to approximately 250ml with water in a 
stoppered measuring cylinder. Invert the cylinder several times to allow the sand to settle and 
to remove air bubbles. Note the sand volume Vs (cm^) and the total volume of sand and water, 
Vw (cm^). After shaking pour off and retain the supernatant before any organic material 
sediments out. Filter a known volume through an ignited filter pad, aim to leave approximately
0.3mg to 2mg carbon on the pad.
3. If a carbon-based compound has been used in the sample preparation process ensure filter 
pad is thoroughly rinsed with distilled water prior to analysis.
4. Remove pad and transfer to a lOOcm  ^Erlenmeyer flask. For each set of 15 samples set up 
two replicate blanks using ignited filter pads. Place all flasks in a fume cupboard.
5. To the flasks add 7cm^ of carbon digestant to the samples. If using an automatic dispenser 
flush out any old reagent in the apparatus first with 2 or 3 flushes.
6 . Cover each flask with a watch glass and reflux on a hot plate for 1 hour at 105°C. Examine 
the flasks frequently, if the contents of any flask becomes green or blue add a further 7cm^ of 
digestant.
7. After 1 hour remove flasks from the hot plate and allow to cool.
8 . Add one drop of indicator solution to each flask and titrate against the working FAS 
solution. The end point is determined by a change in colour from greeny-blue to red.
9. Choose the flask with the best end point (i.e. when colour first changes colour to red) and 
add 20cm^ of 0.025N potassium dichromate standard. Retitrate this standard with FAS.
" ^ 1- 0.7Equation 43 Particulate Organic Carbon = C 
(sand samples, mg/cm^)
, _  [(«&,,)- n  1.5
where: C = -------- ^ --------
and Vy = Volume of sand (cm^)
= Volume of sand plus water (cm^)
S = volume of FAS for standard titration (cm^) 
n = number of aliquots
= mean volume of FAS for blank titration (cm^) 
T = volume of FAS for sample titration (cm^)
V = volume of supernatant filtered (cm^)
The above calculations assume 30% porosity of sand.
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A.2.3 Preparation of Solutions
• Standard Potassium Dichromate 0.025N K2 Cr2 0 ^
Dissolve 2.4515g of dried Potassium Dichromate in 2 litres of deionised water in a 
volumetric flask.
• Stock Titrant solution
Wearing a face mask dissolve lOOg of Ferrous Ammonium Sulphate (FAS) 
{(NH4 )2 S0 4 FeS0 4 6 H2 0 ) in 500cm^ of deionised water. Carefully add while stirring, 
50cm^ of concentrated sulphuric acid (specific gravity 1.84, AR grade). Make up to a 
final volume of 1 litre with deionised water.
• Working Titrant solution
For water samples: Dilute 40cm^ of stock FAS to 1 litre of deionised water.
For sand samples: Dilute 131cm^ of stock FAS to 1 litre of deionised water.
The working FAS solution is standardized by titrating against lOcm^ of standard 
potassium dichromate solution (0.025N).
• Carbon digestant
The weak carbon digestant was supplied by Grey Point Laboratories, Unit 1 Sunnyside 
Road, Worcester. It can also be prepared from the following constituents:
For water samples:5g Silver sulphate (Ag2 S0 4 )
28cm^ 1.25N Potassium dichromate (K2 Cr2 0 7 )
252cm^ water
700cm^ conc. sulphuric acid (H2 SO4 )
For sand samples:5g Silver sulphate (Ag2 S0 4 )
93cm^ 1.25N Potassium dichromate (K2 Cr2 0 7 )
187cm^ water
700cm^ conc. sulphuric acid (H2 SO4 )
A 3 BIOTRACE - Bacillus globigii var. niger Enumeration
In order to determine the concentration of Bacillus globigii var. niger spores throughout the 
filter beds, samples were taken for enumeration. The enumeration procedure is described 
below.
A.3.1 Procedure
1. The samples were heated in a water bath for 30 minutes at 63 C, in order to maximize spore 
germination and reduce the levels of non-thermoduric bacteria.
2. The samples were then passed through filters of pore size 0.45pm. Generally sample
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volumes of 1 , 1 0  and 1 0 0 ml were filtered, depending on the sample concentration.
3. The filters were incubated at 30°C for 18 hours, on pads saturated in the recovery medium. 
The resultant colonies show a highly characteristic orange/ brown pigmentation.
Recovery Medium for Bacillus globigii var. niger spores:
Tiyptone, Difco20g 
NaCl 5g 
Distilled Water900ml
pH (adjusted with IN NaOH OR IN HC1)6.8 
Sterilize by autoclaving at 121°C for 15 minutes.
Before the recovery medium is used 100ml of a supplement containing glucose and mannitol 
(both 10% w/v) should be added. This was then sterilised by autoclaving at 116°C for 10 
minutes.
A.4 Adenosine Triphosphate (ATP)
During ATP analysis, the microorganism cell wall is broken down by the addition of a 
chemical to allow the release of the ATP. This ensures that all dormant organisms will also be 
measured. The ATP is then mixed with the enzyme Firefly Luciferase, which reacts with the 
ATP to produce light, one photon being produced for each molecule hydrolyzed. Since the 
amount of light produced is proportional to the amount of ATP present, the measurement of 
emitted light using a luminometer yields the amount of ATP. The reaction is instantaneous, 
producing results measured in relative light units (RLU). The Uni-Lite(r) Water Test Kit 
(Biotrace International Pic.) was used. The laboratory procedure is presented in Figure 70
100 \x I sample
I
I
add 100 p 1 extractant 
wait 60 seconds
I
add lOOp 1 enzyme
i
measure in Uni-Lite
Figure 70 Adenosine triphosphate measurement procedure
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A.5 Microbial Adhesion To Hexadecane (MATH)
The MATH test was originally proposed by Rosenberg (Rosenberg & Doyle, 1984), and is a 
means by which the hydrophobic/ hydrophilic properties of organisms can be assessed. The 
method employs adding hexadecane (C1 6 H3 4 ) to the suspension under examination and 
determining the partitioning of the organisms to the hexadecane layer that separates and 
partitions onto the top of the aqueous suspension (Rosenberg & Doyle, 1984; Reid et al. 
1992). Organism adherence to hexadecane occurs due to their aversion to water, i.e. their 
hydrophobicity. This can influence their interaction with other organisms and potentially their 
attachment to surfaces.
Initial trials were carried out on suspensions of Bacillus globigii var. niger spores and 
Chlorella vulgaris.
A.5.1 Hexadecane Partitioning Methodology
1. The Bacillus globigii var. niger spores and Chlorella vulgaris were each suspended in 
distilled water to give suspensions of approximately 1 0  ^to 1 0  ^spores/ cells per ml.
2. One millilitre of each suspension was pipetted into a glass or plastic eppendorf. The 
transmittance of the suspensions was measured using a PU 8820 UV/VIS spectrophotometer. 
The transmittance of n-hexadecane (Sigma) was also measured, to be used later as the 
reference blank. Three analyses were carried out on each suspension.
3. One millilitre of the suspension was pipetted into a 1500pl centrifuge tube. To this was 
added 500|il hexadecane. Three samples were prepared of each suspension.
4. Each sample was vortex mixed for 1 minute and left to stand for a minimum of 15 minutes.
5. Sufficient volumes of the aqueous suspensions, say 800|xl, were carefully pipetted off and 
placed into Eppendorfs. The transmittance of the suspensions was measured.
6 . The percentage adherence of the suspensions, indicating the hydrophobicity, to hexadecane 
was calculated using Equation 44;
^ rr, K »  initial transmittance - transmittance of lower phase x 100Equation 44 % Adherence = ------------------------ . . . ,----------:--------------------------------initial transmittance
where: transmittance of lower phase = transmittance of lower aqueous suspension after 
addition of hexadecane
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Appendix B Biofîlm breakdown
Several methods were considered for the breakdown of the biofilm layer around the sand 
grains. Two methods which were assessed are described below. Neither method proved able to 
break down the biofilm on the sand grains analysed. This may have been due to the relatively 
clean nature of the sand particles. The organisms attached onto the sand media may have been 
strongly attached within crevices and hence proved too difficult to detach. Consequently, the 
analysis of particles strongly attached to the media grains could not be carried out, due to the 
inaccuracy of detachment efficiency.
Both methods were assessed by studying treated and untreated samples under a light and 
scanning electron microscope. These assessments were carried out by the research engineer 
and by volunteers who were not given any information regarding the samples prior to 
assessment.
B.l Dithiothreitol (DTT)
Dithiothreitol: Dithiothreitol (DTT) is used to break down sputum (Hirsch et a l, 1969), 
proteins and di-sulphide bonds (Shah & Dye, 1965). Tests were carried out to assess whether 
DTT could be used to break down the biofilm layer around the sand grains. A known volume 
of Sputasol (discussed below) was added to rinsed sand samples. Two volumes of sputasol 
were tried (10ml and 50ml) on 10ml of sand sample. The sand and sputasol suspension was 
mixed within a fume cupboard and put into a sealed duran bottle. The sample was then placed 
in a water bath at 37°C for varying times between 1 to 3 hours. Periodic shaking of the 
suspension was carried out. The cleanliness of the sand was assessed using light microscopy 
and three independent assessors.
The Sputasol solution was made by dissolving the chemicals listed below in 5ml of sterile 
distilled water. This solution was made up to 100ml with more sterile distilled water. The 
preparation of this solution was carried out in a fume cupboard. The sputasol solution was 
stored at 4°C for a maximum of 48 hours.
DithiothreitolO.lg
Sodium chloride 0.78g
Potassium chloride0.02g
Disodium hydrogen phosphateO.l 12g
Potassium dihydrogen phosphate0.02g
B.2 Ultrasonication
Ultrasonication can be used to displace sediments off the surface of media grains. Rinsed sand 
samples were sonicated for different times, up to a maximum of 10 minutes. The samples were 
assessed using a light microscope before and after sonication. No reliable difference could be
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determined.
One concern of using this method, if suitable proportion of organisms had been released, 
would be the influence of the sonication process on the organism structure. It was highly 
probable that this technique could destroy some of the organisms of interest. This would not 
necessarily be of concern for POC measurements, but would have greatly influenced Bacillus 
counts, since only non-germinated spores were countable by the enumeration method 
employed.
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Section 1 
Particle Counting For Rapid Gravity Filter 
Management
By M J. CHIPPS, BSc*, H.L. EVANS, MEng** and RJ. SCRIVEN, BEng**
1.1. Abstract
The use of particle counters in water treatment is considered and comparison is made with 
turbidity measurement. Some examples of the use of particle counting are presented including 
the benefits for the control and operation of filter plants. The need for particle counting to 
assist with removal of Giardia cysts and Cryptosporidium oocysts is discussed. Results are 
presented from investigations in which particle counting has been used to examine the 
chemical pre-treatment of rapid gravity filters with particular reference to flocculation. Little 
difference in particle size distribution (psd) was observed in the "flocculated water" sample 
irrespective of whether the flocculator was in use or not. This illustrated that contact filtration 
was as effective as direct filtration. The benefit of pre-ozonation on particle removal, 
particularly in the Giardia and Cryptosporidium size ranges, was demonstrated. There was 
some agreement between turbidity trends and particle counts in reservoir water, but turbidity 
was much less sensitive than psd to changes in filtrate quality. Consideration of the feasibility 
or desirability of using on-line particle counting as a routine operational tool is discussed.
Keywords'. Advanced Water treatment (AWT); contact filtration; direct filtration; ozone; 
particle counter; turbidimeter; Giardia', Cryptosporidium', particle size distribution.
1.2. Introduction
In recent years the approach to the treatment of water for public consumption has undergone 
radical change. The use of coagulation and filtration or biological slow sand filtration has 
been supplemented in Thames Water by the Advanced Water Treatment (AWT) techniques of
* Principal Research Scientist, Thames Water Utilities Ltd., Group Research & Development, Spencer House, 
Manor Farm Road, Reading, RG2 OJN.
**  Research Engineers (Engineering Doctorate Students), Centre for Environmental Health Engineering, Dept, of  
Civil Engineering, University of Surrey, Guildford, Surrey, GU2 5XH. (Both Students Sponsored by TWUL, 
Group R&D)
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ozonation and granular activated carbon (GAC) filtration-adsorption principally to remove 
pesticides^ ^ ^
A recent survey^^  ^indicated that consumers were influenced in their perception of the quality 
of drinking water by its aesthetic properties, principally taste and odour (particularly 
chlorinous odour) and the presence of particles. Some of these particles may be due to 
chemical effects e.g. scale, some due to biological or chemical processes taking place in 
distribution systems. Others may be due to inadequate removals at the treatment plant.
Certain particles are capable of reducing the likelihood of accompanying micro-organisms 
being inactivated in the treatment process. The protection provided to micro-organisms is 
dependent on the characteristics of the particles present and on dieir quantity. Research^ "^  ^has 
shown that the particulate matter present in water may:
1. Serve as a carrier for nutrients that can result in biological activity and resultant water 
quality degradation;
2. Exert significant disinfectant demand that can result in loss of disinfectant residual in the 
distribution system;
3. Provide a matrix to transport micro-organisms through, or introduce organisms into, the 
system.
Of principal concern are the waterborne disease causing organisms Giardia and 
Cryptosporidium. These organisms have complex life cycles which include a phase when they 
may get into rivers used for public water supply^^l Some water treatment works, for various 
operational reasons, have allowed these organisms to pass through the filtration plant, and 
chemical disinfection has failed to inactivate them^^’^ ’^ ’^ \
Reasons for poor filter performance include incorrect chemical pre-treatment for 
destabilisation of the particles, inadequate flocculation, poor clarifier performance and 
operational or maintenance problems with the filters themselves, including backwashing 
methodology, and the need for a filter to waste period after backwashing.
The introduction of AWT may assist with removal or inactivation of these Protozoan parasites, 
by ozonation directly, and the provision of further barrier stages (e.g. GAC filter-adsorbers). 
These may not necessarily be relied upon because the Ct^ for ozone-pesticide reactions may 
only achieve up to 98% reduction in Cryptosporidium vi abi l i ty^and GAC filter-adsorbers 
are unlikely to remove particles to the same extent as a coagulation/filtration process chain.
The particle removal performance of filters may be judged by reference to many parameters: 
residual coagulant, algal cell counts or a surrogate such as chlorophyll a or particulate organic 
carbon, suspended solids, turbidity and particle size data. Until recently filter performance has
where: C = ozone concentration & t = contact time (s)
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been assessed by the analysis of discrete samples, however on-line instruments which can 
measure metal cations, chlorophyll a, turbidity and particle counts are now available.
The most common on-line instrument, and probably the simplest to use is the turbidimeter. 
Turbidity is a measurement of the ability of a water sample to scatter light, and is most 
sensitive to particles below 1pm in diamete/^\ This gives an indirect qualitative 
measurement of particles present in the water. An alternative measurement is that of 
suspended solids; this test is limited to the measurement of particles greater than the pore size 
of the filter used, normally 0.45pm. This test is an indication of particle concentration and 
since the analysis procedure is very time consuming, it is not considered suitable for real-time 
process-control work. Particle counters have been developed that are able to yield particle size 
distribution data, either from batch samples or on-line installations.
Many techniques are available for particle counting, and the properties of the particles 
themselves are important in determining how they are measured by the counter in comparison 
with the materials (usually latex spheres) with which the counters are calibrated. 
Comprehensive studies covering the background to particle counting, the techniques used, the 
importance of careful sampling, and some case studies, have been published recently^^^’^^ ’^ ^\
Turbidity measurements are often used to judge filter operation and control the filter cycle. 
However, due to concerns about Giardia, Ongerth^^^  ^and Bellamy et alP^^  ^thought turbidity 
measurement was not suitable for assessing removals where raw water was of low turbidity (< 
5 NTU). Al-Ani et alS^^^ took the view that very low turbidity waters (< 1 NTU) required 
treatment with coagulants to ensure removal of Giardia cysts with direct or contact filtration. 
It was their belief that turbidity removal could be an indicator of successful performance. 
They calibrated plant performance by turbidity and particle counts and found that where raw 
water was around 0.5NTU, if 70% turbidity removal could be achieved there was a probability 
of 0.85 that Giardia cyst removal would exceed 99%.
Bellamy et alS^^^ stated that these pathogens could be removed efficiently provided chemical 
pre-treatment, clarification and filtration were properly operated. Many authors agree on the 
importance of getting the chemical treatment correct in order to optimise filter plant 
performance^ 17,18,19,20,21,22) Filter to waste during the ripening period following 
backwashing may be essential to prevent Giardia and Cryptosporidium from entering public 
s u p p l y ^ T u r b i d i t y  is generally used to control this; particle counting might be more 
suitable. Particle counting has been used to examine filter ripening in the context of 
optimising the backwash methodology and in evaluating slow starts^^^l
Only particle size measurement offers any direct information that may be relevant to the 
control of Cryptosporidium and Giardia but, because the numbers of these organisms are 
likely to be very low compared to the background count of other particles in the 4-12 pm size 
range, no direct inferences may be drawn. Regular microbiological examination of raw and 
treated waters for cysts and oocycsts is desirable to judge the threat to public health. Particle
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counting can be used to benchmark plant performance and to ensure optimum water quality is 
achieved.
In conventional water treatment the use of jar tests and the production of visible floes has been 
satisfactory for coagulation control. Techniques such as streaming current or zeta potential 
measurement may assist (22,24) On-line turbidity measurements have been used to control 
filter operation and the optimization of chemical dosing on a contact filtration plant^^^\ For 
flotation floe sizes of 10 to 50pm were regarded by Edzwald and Malley^^^  ^ to be optimal. 
Flotation jar tests may be performed to assess optimum operational conditions. Process 
optimization by the measurement of floe size by particle counters may be problematic as the 
process of measurement may result in artefacts. Nevertheless, if a plant can be set up 
optimally and an on-line counter set up, the instrument may prove valuable simply by 
indicating changes from expected values.
Even if flocculation performance can not be measured directly, the overall plant performance 
(clarification and filtration) is of greater importance, so the measurement of filter behaviour in 
effluent quality and head loss development may allow deductions to be made about the 
efficiency of the clarification and flocculation stages.
U.S. Federal legislation has forced water treatment plants to incorporate particle size analysis 
in their routine monitoring to complement turbidity measurements. The legislation was 
developed to assess the removal of pathogens from treated water as a response to changes 
made in the maximum contaminant limits (MCLs) for pathogenic organisms^^^\ The Surface 
Water Filtration and Disinfection Treatment Regulations (SWTR) of 1991^ ^^  ^ addressed the 
problem of pathogenic organisms, specifically relating to the removal of Giardia cysts and 
viruses. These regulations required a three log reduction of cysts and a four log reduction of 
viruses for processes consisting of removal (filtration) or inactivation ("disinfection")^^^\ The 
effectiveness of this means of treatment performance assessment is limited, due to its 
requirement to relate effluent quality to the initial raw water quality. Hence, highly 
contaminated waters may easily fulfil the regulatory requirements, whilst still producing a 
poor quality effluent. On the other hand, a good quality raw water producing a good quality 
effluent (say less than 0.1 NTU) may fail to comply with the three log reduction requirement.
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1.3. Experimental
To Slow Sand Filters
Flow Balancing /  Disinfection Pre-ozone
Raw Water
^Coagulation
RGF-C
GAC filters Primary Filters
Main ozone
Rocculation
RGF-D
Figure 1 AWTC Experimental Stream
Studies were conducted at Thames Water’s Advanced Water Treatment Centre (AWTC) pilot- 
plant facility at Kempton Park (Figure 1). These studies focused on the comparison between 
contact filtration and direct filtration (i.e. coagulation and filtration; with an intermediate 
flocculation step in the latter case) for turbidity and particle removal. Amounts of chemical 
coagulant (ferric sulphate) were varied to determine their effect on, and hence find the 
optimum dose for, stored lowland River Thames water ahead of a dual media rapid gravity 
filter (RGF) unit. The filtration rate was 10 m/h.
Mean velocity gradient, G, values of 0 and 46 s-1 could be applied by two pitch-blade 
impellers (mechanical flocculation) in the upflow flocculator unit; thus providing a 
comparison between contact and direct filtration. This upper value was in accordance with 
optimum flocculation parameters suggested by Cleasby^^^  ^and Letterman^^^\
A trial was conducted to determine the effect of pre-ozone on flocculation and subsequent 
filtration steps. Two doses of pre-ozone, 1.5 and then 0.7 mg/1 as 03 were investigated.
On-line laser particle counting equipment (light obscuration; range: 2-125 )im) was used in 
addition to on-line turbidity measurement. This enabled more detailed water quality analysis 
at four stages, namely: raw water, pre-ozonated water, flocculated water and filtered water.
1.4. Results
1.4.1. Contact Filtration and direct Filtration
The data obtained from the initial study indicated that there was no significant difference 
between the two filtration modes (i.e. contact filtration and direct filtration) over a small range
332
CIWEM Conference 1995 - Particle Counting for Rapid Gravity Filter Management
of applied coagulant dose (Figure 2); this is contrary to other recent studies  ^ These
low doses illustrate the effect of non-sweep flocculation or the charge-neutralisation model; 
that is, there is no excess coagulant forming the amorphous ferric hydroxide precipitate which 
engenders sweep flocculation^^^\
100
•e
0 0.5 1.5
#  Contact filtration 
Direct filtration
Ferric dose (mg/1 as Fe )+)
Figure 2 Comparison of direct filtration and contact filtration with various coagulant
doses
Particle count data showed that a few of the large number of primary particles seen in the raw 
water sample (2 to 10|im) were successfully agglomerated to form larger floes; demonstrated 
by an increase in the number of large’ particles (i.e. 10 to 125pm) and a decrease in smaller 
particles (primary particles) in the flocculated water sample (Table 1). This effect is only 
slight, but may be due to the design and operation of the flocculator unit itself.
What was also of interest was that the particle size distribution measured when the flocculator 
was not in use (Table 2) was very similar to that when the flocculator was in use (Table 1). 
This potentially indicates why little difference was seen between contact filtration and direct 
filtration.
Table 1 Example of particle counting data in Direct Filtration mode (No pre-ozonation)
Coag. dose: 0.3 mg/1 
(as Fe^ "^ ) Particle Counts/ml
G value: 46s" ^ 2 to 3pm
3 to 
5pm
5 to 
10pm
10 to 
25pm
>25pm total
Raw water 3241.22 3397.02 3049.53 620.00 24.25 10332.02
Flocculated water 2617.63 2779.99 2866.71 830.01 62.04 9156.40
Filtered water 220.13 169.24 321.22 82.02 1.38 793.98
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Table 2 Example of particle counting data in Contact Filtration mode (No pre-ozonation)
Coag. dose: 0.3 mg/1 
(as Fe ) Particle Counts/ml
G value: Os’^ 2  to 3pm
3 to 
5pm
5 to 
1 0 pm
1 0  to 
25pm
>25pm total
Raw water 3144.91 3428.66 3391.85 334.09 33.69 10773.20
Coagulated water 2699.15 2999.97 3149.32 848.31 66.55 9763.35
Filtered water 229.65 175.24 273.44 60.15 1.19 739.67
These two tables, and Figure 2, confirm that contact filtration is suitable for this water and that 
the low coagulant doses used are not suitable for flocculation; or at least, no significant change 
in psd was seen. It should also be noted that these filters are followed by slow sand filters so 
the values given do not represent final water quality.
This may also indicate the difficulties of measuring floes; ’pipe flocculation’ and floe break-up 
within the sample tubing will result in erroneous data.
Good agreement was seen between particle and turbidity removal averages (Table 3), for 
various ferric doses, in both contact and direct filtration modes. Similarly to particle removal, 
little difference was seen in turbidity removal between contact and direct filtration over the 
coagulant dose range 0.3 to l.Omg/1 as Fe^ '*’.
The raw water turbidity was low, in the range 2.84 to 6.50NTU, throughout the study. The 
chlorophyll a value for the raw water remained stable throughout this short trial period, in the 
range between 22 and 26pg/l, indicating an algal bloom was in progress in the reservoir. The 
water was therefore suitable for contact and direct filtration applications although dissolved air 
flotation might also be appropriate
Table 3 Comparison of turbidity and particle removal for different coagulant doses in 
both contact and direct filtration modes (no pre-ozonation)
Ferric dose Filtration Turbidity Particle
(mg/ 1  as Fe^ "*") Mode Removal (%) Removal (%)
0 . 0 Contact 76.9 85.52
0 . 0 Direct 71.1 81.94
0.3 Contact 91.4 91.93
0.3 Direct 93.1 91.17
0.5 Contact 91.2 93.32
0.5 Direct 94.6 92.67
1 . 0 Contact 93.8 96.58
1 . 0 Direct 93.5 93.02
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1.4.2. Effect of Pre-ozonation
Table 4 Example of particle counting data in Contact filtration mode with pre-ozonation (1.0
mg/1) - [Raw water turbidity = 1.5 NTU]
Coag. dose: 0.3 mg/1 
(as Fe^ '*’)
G value: Os*^
Particle Counts/ml
2  to 
3}i,m
3 to 
5|Lim
5 to 
lOjLim
1 0  to 
25 pm
>25pm total
Raw water 4327.55 3137.67 1410.93 181.68 35.05 9092.89
Pre-ozonated water 3967.16 3148.03 1599.01 218.79 42.58 8975.58
Coagulated water 3170.32 2375.59 1306.77 257.43 50.33 7160.44
Filtered water 145.89 52.27 21.36 11.72 1.16 232.40
The effect that pre-ozone had on filtration performance was very noticeable. Table 4 shows a 
reduced number of particles in the filtrate and possibly improved agglomeration compared 
with Table 2. However, Table 4 and Table 2 data were measured on different days during the 
Autumn and are therefore not directly comparable.
Figure 3 shows the raw water and filtered water particle data and gives a comparison with on­
line turbidity measurements with two different pre-ozone doses. A sharp increase in filtrate 
particle counts may be seen. This accurately indicates the time at which the pre-ozone was 
reduced from 1.5 to 0.7mg/l, yet there was no change in the turbidity data. Iron dose remained 
constant.
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Figure 3 Effect of change in pre-ozone dose on RGF performance (comparison of
particle count and turbidity)
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Figure 3 illustrates important findings from comparing turbidity and particle counts. It is clear 
that the trends from both instruments for the raw water sample tended to rise and fall at the 
same time. However, it is also clear that a change in the filtrate particle counts of one order of 
magnitude was not reflected in the turbidity measurement. This confirms the ambiguities in 
the literature; the two instruments show similar trends, but turbidity can not be used as a 
quantitative estimation of particle counts.
Decreasing the pre-ozone dose had a dramatic effect on the particle counts in the filtrate, and 
upon further inspection of the particle size distribution it was apparent that the decrease in pre­
ozone dose had a more specific effect on certain size ranges (i.e. 3 to 5pm & 5 to 10pm) 
(Figure 4). The effect of backwashing can be seen as small peaks in the data (filter ripening) 
prior to the ozone dose change, and discontinuities in the trends afterwards.
The deterioration in filter performance was measured in all size classes. The initial spike and 
improvement resembles a ripening curve as the pre-ozone dose is decreased. This is perhaps 
changing the surface chemistry of the particles and making conditions unfavourable for filter 
capture initially. Consequently the ozone ’under-dose’ causes particle break-through in 
subsequent filter runs. Previous studies have shown deterioration in filter performance, due to 
insufficient pre-ozonation during an algal bloom, by turbidity measurement^^^\
These size ranges (3 to 5pm & 5 to 10pm) are of particular interest; Cryptosporidium oocysts 
are 4 to 6 pm and Giardia cysts are 10 to 12pm^^\ Evidently the filter was allowing a very 
significant increase in the number of particles in the filtrate in these particular size ranges, but 
without detailed microbiological analysis one can not ascertain what these particles are.
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Figure 4 Effect of change in pre-ozone dose on filtrate particle size distribution
(Contact filtration mode)
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1.5. Discussion
Much has been written on the behaviour of particles in filtration. Filtration may be seen as a 
three step process; transport, adhesion and detachment^^^\ where the probability of adhesion 
is dependent on solution chemistry, particle destabilisation, particle size^ ^^  ^and the presence 
of previously deposited particles^^^\
The interactions between particles of similar and different sizes have been investigated under 
ideal laboratory conditions^ ^ 9,39,40,41,42,43,44,45) monodisperse suspensions ripening of 
larger particles (>10pm) is much more rapid than small particles (<lpm). Larger particles 
produced breakthrough much earlier than small particles. In polydisperse suspensions the 
presence of larger particles assisted the ripening of the smaller particles. Particles of around 1 
pm diameter contribute more to head loss than larger particles and are theoretically less easily 
removed than larger or smaller particles^^^\ There is as yet no universal agreement in 
experimental observations, and the details are too complex to be dealt with in detail here. The 
relevance of these studies for full scale operation is not proven, especially where there may be 
some biological coating on the filter media. Work is still required to determine whether 
flocculation can be controlled to develop an optimum particle size for direct filtration, 
especially under full scale conditions.
The lack of distinction between contact filtration and direct filtration in this study may have 
been due to sampling artefacts. In practice contact filtration and direct filtration may be 
somewhat indistinct, since flocculation may take place above the filte/^"^  ^or in the filter media 
pore spaces '^^ ’^'^ ^^
It has been widely reported '^^ ’^'^ ^^  that ozone improves particle removal as observed in this 
study, and a number of mechanisms have been proposed^^®^
Research suggests that significant correlations exist between the reduction in turbidity, particle 
counts and numbers of Giardia and CryptosporidiunP^\ However, although strong 
correlations were evident, their reliability as a predictive tool for the assessment of Giardia 
and Cryptosporidium removal was poo/^^\ Several authors^  ^6,51,52,53,54) sought to
determine relationships between particles, turbidity and Giardia and Cryptosporidium. At 
best relationships are likely to be plant specific, and they are likely to vary with rainfall or 
seasonal changes. The huge number of variations in particle characteristics that may occur 
between different water samples (physical, chemical and biological) make it difficult to 
determine a reliable correlation for accurate predictive purposes^^^l The size, shape, 
refractive index, concentration and conductivity of the individual particles as well as the 
colour and conductivity of the suspension liquid are individual to each water sample, and are 
but a few of the characteristics that require consideration. Whilst turbidity is a measurement 
of water clarity, particle counters yield two, or three-dimensional information on particle 
number and size. Even data collated from different particle counting instruments will not be 
comparable due to differences in methodologies used for data collection and analysis (light
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scattering, light obscuration, electrical sensing).
The likelihood of particle counters replacing turbidimeters is extremely unlikely, especially in 
the near future. The cost and maintenance of the instruments are obvious considerations, and 
constitute two of the main reasons for the slow integration of particle counters into the water 
industry. Particle counters are relatively expensive, costing between £4 000 and £15 000 
when compared to say £2 000 for a turbidimeter. However, the greater sensitivity displayed 
by particle counters to variations in particle size distributions, both with respect to the 
magnitude and response to variations, cannot be ignored. Particle counters have an important 
role to play in the monitoring of specified particle size ranges. Figure 3 provides a perfect 
example of the limitations of the turbidimeter; whilst the particle counter shows large 
deviations in the number of Giardia and Cryptosporidium sized particles, the turbidimeter 
does not show an increase in its value.
Particle counts within the size ranges that incorporate Cryptosporidium oocysts and Giardia 
cysts^^  ^may be closely monitored. Although it may not be possible to determine the actual 
numbers of oocysts and cysts in a sample, since their concentration may be low compared to 
the background count of similar sized particles, resulting changes in particle size distribution 
trends can be monitored. It is imperative that all particle counters are calibrated if they are 
required to monitor specific size ranges. Due to measurement methodology, particles with 
different chemical and physical characteristics may be measured as different sized particles. 
Changes in particle size distribution trends signify water quality variations, and may represent 
particle breakthrough. Samples should undergo further testing, in order to determine the cause 
and result of trend variations.
Benefits for the water industry, both within the fields of research and routine plant monitoring, 
can be provided by particle counters by the increase in information available. The design, 
operation and development of treatment processes can be enhanced by monitoring particle 
removal performance. Increasingly stringent legislation requires the continual enhancement 
and tighter monitoring of treatment systems. However, it is considered unlikely that 
turbidimeters will be forced to make way for particle counters, rather turbidimeters and 
particle counters will provide complementary particle data.
On-line counters may be more appropriate for applications within the water industry than 
batch counters. The advantage of flexibility, afforded by batch samplers for the number of 
samples that may be analysed is generally outweighed by the disadvantages due to the 
potential for sample contamination, problems in ensuring representative samples and 
especially the increased analysis time required. However, for situations where multiple 
samples require analysis or where the particle counter cannot be installed close to the sampling 
point, batch analysers may be the most appropriate choice. The main considerations when 
choosing the most appropriate particle counter include analysis time, maintenance and 
operation of the counter and the number and location of sample points.
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In terms of operation and maintenance on-line particle counters have more potential pitfalls 
than turbidimeters. Flow rates must be accurately set up and precisely controlled or the data 
become meaningless. The measurement zone is very small and may be prone to blockage by 
algae or animals; some form of sieve may be required to remove large particles (> 125p.m). 
Like some turbidity instruments condensation may be a problem in the inhospitable 
environment of a filter gallery. Calibration may require the removal of the instrument to a 
laboratory. However, it is generally recommended that the line between the sample point and 
particle count is as short as possible, i.e. generally less than three metres to minimise particle 
loss due to sedimentation occurring within the sample line or in-line flocculation. Obviously, 
faster flows will minimise sedimentation effects but may subsequently cause floe break-up.
As well as operational complications, data handling must be considered. The data generated 
by particle counters are numerous and may be more detailed than required for routine 
monitoring of water samples. Analysis of the data hence becomes increasingly difficult and 
time consuming. The development of a system for automatic data analysis may be advisable; 
generally software support is provided by the particle counter supplier, however, this software 
may require adaptation to the user’s requirements.
In the UK the use of particle counters is concentrated in the research field. They are likely to 
remain there unless legislative pressures force a change, or considerable benefits are seen to 
result from their use.
1.6. Conclusions
No difference in filtrate quality between contact and direct filtration was seen when 
treating stored River Thames water
Pre-ozonation assisted filter performance by increasing the numbers of particles removed.
Sub-optimal pre-ozone dosing resulted in large numbers of 3 to 10pm particles passing 
through the filters.
Turbidity and particle count trends in reservoir water showed some agreement.
Turbidity was a less sensitive measure of filtrate quality than particle counting.
Experience has shown that particle counters require much more attention than 
turbidimeters to keep instruments clean, to ensure accurate flow rates and to process and 
interpret data
Particle counters may enable better process control for ensuring Giardia and 
Cryptosporidium sized particles are removed from the water and may indicate the need to 
optimise backwashing, filter to waste, slow starts, flow rate changes and initiate 
backwashing, to avoid breakthrough of particles.
Microbiological examination of raw and treated water is required to check for the presence 
of protozoan cysts and oocysts.
The introduction of stricter legislation, requiring particle measurement, may be the most 
likely means by which particle counters will become incorporated into the water industry.
Present day particle counters are generally more complex than required for the water
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industry’s needs, this results in higher purchasing costs, excess data and increased 
complexity in operation and maintenance.
Designers and manufacturers of particle counters need to consider the requirements of the 
water industry if means other than legislation are to encourage particle analysis in water 
treatment. A simpler more robust instrument, which produces relevant information is 
required.
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Water Treatment by Multistage Filtration 
Utilising Gravel Prefilters and Fabric 
Enhanced Slow Sand Filters
B. A. CLARKE*, B. J. LLOYD, C. J. JONES, and H. L. EVANS
Centre fo r  Environmental Health Engineering, Department o f  Civil Engineering 
University o f Surrey, Guildford CU25XH
ABSTRACT.
Pilot plant studies were carried out to investigate the performance of a multistage filtration water 
treatment system. The system comprised three gravel upflow prefilters of a new design linked in 
series to parallel slow sand filters. The prefilters contained 0.5-m depth of 40-mm, 20~mm and 
10~mm nominal aggregate respectively, supported on a raised floor. The slow sand filters of 
0.5-m and 0.3 m depth were "enhanced" with 6  layers of polypropylene fabric placed on top of the 
sand beds. The performance of a fabric only filler, comprising 12 layers of polypropylene fabric, 
was also evaluated and compared with iliose of the enhanced slow sand filters.
The physical performance of the multistage system was investigated by monitoring turbidity, 
suspended solids and particle size. A progressive sustained removal of particulates was achieved 
with product water generally <1NTU, and <5NTU for a sharp "natural raw water peak" of 
400NTU. As well as dealing with the "natural peak" turbidity levels the prefilters were subjected to 
a short challenge with turbidity created by dosing the raw water with a kaolin suspension.
A 997o removal of thermotolerant (presumed faecal) coliform was achieved in the multistage 
system, a feature of the system being progressive faecal coliform removal through the prefilters as 
well as within the slow sand filters. In addition, short challenges with suspensions of the 
bacteriophage of Serratia marcescens were carried out.
Keywords: slow sand fillers, upflow prefilters, multistage treatment, fabric enhanced.
INTRODUCTION
Slow sand filtration is considered to be a simple, inexpensive and reliable means to improve the 
physical, microbial and chemical composition of water(Van Dijk and Oomen,1978 and Collins et 
r?/., 1991). Interestingly enough, in 1804 for one of the first recorded uses of slow sand filters in the 
UK, John Gibb employed both a gravel prefilter and slow sand filter to improve water quality in his
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bleacheiy at Paisley in Scotland(Baker,1949). In 1829, James Simpson constructed slow sand filters 
for the Chelsea Water Company in London(Huisman and Wood, 1974), and at the turn of the century 
the Chelsea and Lambeth Water Companies combined to develop the slow sand filter works at 
Seething Wells, Surbiton, to make use of the more amenable raw water to be found upstream of 
London. The Surbiton Works has recently closed but Thames Water Utilities Ltd (TWUL) continues 
to use slow sand filters to provide water to the majority of the population of London from the large 
treatment works at inter alia Ashford Common & Hampton. Slow sand filtration offers a number of 
special advantages for developing countries, in that chemicals are not required to achieve high levels 
of treatment, but the process is sensitive to raw water of turbidity >10 NTU (Van Dijk and Oomen, 
1878). It has been widely proposed that a system which includes prefilters and slow sand filters 
could offer reliable and sustainable water treatment in the developing world(Wegelin and 
Schertenleib,1993 and Smet and Visscher,1989). A treatment system, for the developing world, 
which requires only simple operational support is important. The research which forms the basis for 
this paper was completed on a Pilot Plant at Shalford Water Treatment Works (TWUL), utilising 
raw water from the River Tillingbourne. A major aim of the research was to evaluate the physical 
and microbiological performance of a multistage treatment system which included raised floor 
upflow prefilters and fabric enhanced slow sand filters to both optimise treatment efficiency and 
simplify maintenance. The contribution of the raised floors to improved prefilter cleaning was part of 
a parallel project.
MULTISTAGE PILOT PLANT
The Shalford Pilot Plant comprised triple stage upflow gravel prefilters (UPFs) linked in series, 
connecting to three parallel fabric enhanced slow sand filters (FESSFs). The general arrangement is 
shown in Figure 1.
Raw water was obtained from a connection to the full scale treatment work's 600mm diameter rising 
main at a section between the intake and the main unit processes; twin 1 lOv submersible pumps lifted 
the influent flow to the header tank. Circular Potapak units of 1.3m mean diameter were utilised as 
the basis for individual UPFs and FESSFs with 1.5in (38mm) nominal diameter plastic pipework and 
fittings.
The triple stage prefilter configuration was considered to offer an advantage over a single stage for 
the same total depth of aggrcgate(Pardon, 1989 and Galvis et a/., 1992). The UPFs had raised floors 
(Figure 2) which provided an underspace of 0.3m depth and supported a 0.5m depth of 40mm, 
20mm and 10mm nominal single sized aggregate respectively(BS 882, 1983). Media types were 
selected to include a range of typical sizes adopted for prefiltration(Pardon,1989, Galvis et o f,1992 
and Wegelin et aL,1991), whilst acknowledging that the downstream slow sand filters were fabric 
enhanced and, therefore, less prone to blocking by particulate straining. The 40mm nominal size 
adopted for the research application represented a coarse category of media. Early trials of 
downflow prefilters at Surbiton had pointed to operational limitations in the perforated pipe/shingle 
support underdrain systems of the prefilters, with excessive solids deposition packing voids in all but 
a narrow sectional area of a few millimetres around the pipe. Accordingly, simple raised floors were 
adopted for the research work. Raised slotted floors were fabricated in PVC sheet segments which 
were supported on the lowest circumferential ledge of the tank unit and a central column formed by a 
short length of pipe.
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Parallel fabric enhanced slow sand filters (FESSFs) were employed as the final filtration process. 
Needle felted polypropylene geotextile fabrics were used on the FESSFs and were selected to offer 
suitable performance characteristics(CIarke,1988. Graham and Mbwette,1990 and Mbwette,1989) as 
well as being robust and able to withstand most foreseeable operational procedures. Fabric layers 
were fixed in position using plastic circumferential collars which bolted to the tank wall, Steel 
reinforcement mesh was used to provide an even pattern of restraint across the fabrics.
Thames Valley gravels were used for the UPF media, and their gradings are shown in Table 1 
nominal gradings.
Sieve Size, 
British Standard 
(mm)
Mass Passing BS Sieve for nominal Single-sized Aggregate 
(Per Cent)
40 mm 2 0  mm 1 0  nun
50 1 0 0 - -
37.5 85-100 1 0 0 -
2 0 0-25 85-100 -
14 - - 1 0 0
1 0 0-5 0-25 85-100
5 - 0-5 0-25
2.36 - - 0-5
Table 1. Gradinss of Thames Valley Gravels.
Slow sand filters employed a perforated pipe underdrain located in a 6 mm nominal size shingle filter 
support bed. Sand and shingle for the FESSFs was obtained fromTWUL’s Ashford Common 
Works, the filter sand having the following characteristics:-
Uniformity Coefficient
= 0.3mm 
= 0 .6 mm 
=  2.0
The characteristics of the filters and fabrics are shown in Table 2. The average loading rate on the 
UPFs was 0 .6m W h (m .h'^  ) and the FESSFs were loaded at 0.15m.h'\
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1 ■ Fabric Enhanced Filter (Fabric only Filter)
Number of Layers 6 1 2
Total Depth (mm) 19.2 38.4
Fabric Type Poljpropylene needle felted geotextile
Mean Fibre Diameter (pm) 31.3
Porosity (calculated %) 90
Specific Surface Area (mVm^ ) 13163 •
Table 2. Characteristics of the filters and the fabrics.
UPFLOW GRAVEL PREFILTERS
Flow through the UPFs commenced in July 1993 and continued throughout the duration of the 28 
month research work programme, interrupted only by a limited number of cleaning draindowns or 
insignificant stoppages of up to 2 hours. Turbidity was routinely measured using a Hach 2100? 
Turbidimeter and Suspended Solids measurements were periodically taken to. establish the mass 
removal rate. There was a Iiigh linear correlation between turbidity (NTU) and suspended solids 
(mg/1) values(Zarate,1994) across the multistage treatment system. In addition, particle size 
measurements were carried using a Coulter Multisizer II System.
Tlie long term turbidity results showed a progressive removal of particles throughout the prefilters, 
with a combined percentage reduction of turbidity typically between 60-75%. Features of the general 
performance of the UPFs were their ability to progressively attenuate sharp turbidity/suspended 
solids peaks and exhibit loadsharing. The latter term describing the case where, typically, the 
performance of an individual filter significantly drops but that of another filter improves to mamtam a 
similar overall removal efficiency across the multistage system. UPF attenuation of short (< 2 days) 
peak turbidity/suspended solids levels experienced in the raw water (say >400 NTUmg/1) protected 
the FESSFs from consequential blocking as a result of the gross surface straining of particles, 
although the role of the fabrics in allowing the FESSFs to tolerate short periods (< 2 days) of 
supernatant turbidity between 40-80NTU was important. The consistent performance of the UPFs 
assisted by loadsharing, supported the on-going operation of the multistage system when recorded 
raw water turbidity was >10 NTU for all but 11 days within a period of 3 months (Figure 3).
The UPFs progressively removed particles down to the effective diameter measurement limit of 
0.75pm (Figure 4).
The immediate response of the UPFs to short peaks of suspended solids loading was evaluated by 
dosing the raw water with a kaolin suspension and sampling at 10-15 minute intervals. Turbidity and 
suspended solids levels were measured together with particle size distributions. As with the long 
term data, a progressive removal of turbidity/suspended solids levels was recorded, although the
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overall removal efficiency increased. to 8 6 %, confirming the UPF’s potential for attenuating sharp 
peaks ( Figure 5).
It was noted that particles of 2.0pm were least amenable to removal in UPF 1 in line with earlier 
"clean bed" findings of 0 ’Melia(1985) as shown in Figure 6 .
It is acknowledged that the biologically active gravel UPFs are not readily characterised by 
conventional phenomenological filtration theory, not least for the uncertain nature of the relationship 
between particulate deposition and biological development within the voids. However, in general 
terms gravity is the dominant transport mechanism in gravel prefilters for particles > 1 pm and 
diffusion for particles of < 0.5pm(BoUer,1993). The performance characteristics of coarse prefilters 
are affected by the limited number of large media pieces which can be accommodated in a unit 
volume, leading to a decrease in filter efficiency. The probability of gravity related impacts on large 
media is higher than that for fine media. The surface texture of the media is of minor significance 
and strong attachment forces are not necessary to bind the particles to the media, as streamline 
velocities are low and gravity assists the particles in remaining on the upper surfaces of the media. In 
horizontal prefilters clean bed filter coefficients (k^ ) in the range 0.1 to O.OOlcm’* for particles in 
the colloidal range can only be achieved with filtration rates <2 mh’‘ , ideally <lmfi , and a 
prefilter length in excess of 4m. It is suggested(Boller,1993) that after a lengthy period of constant 
efficiency the particle removal levels in horizontal flow prefilters drops towards zero and the 
wash-out of solids in the effluent can lead to negative filter coefficient (X) values. This leads to the 
concept of a maximum filter coefficient occuring at the point where critical levels of deposits 
have been reached. Iwasaki(1937) described the model as.
^  ( 1 )
where: C = effluent concentration mg.l
Cq= influent concentration mg.l
-1
-1
< X, = filter coefficient cm'^
L = filter depth cm
The filtration theory has broadly similar application to UPFs. However, in the UPFs there was the 
potential for detached deposits of aggregated particles ( secondary deposition ) to fall and be 
accommodated in the underfloor area without compromising broad patterns of flow through the 
media or appearing as washout. Mean filter coefficient (k) values relating to 568 days operation of 
the three UPF units ( run days 270 to 838 ) are all positive with the expected downward trend in 
time (Figures 7,8 & 9). Instances of negative k  were thought to be more indicative of the 
disturbance of settled particles by sampling operations, and their subsequent -influence on effluent 
suspended solids values, than confirmation of washout. Although deposition was noted on the 
upper surface of the media in UPF 1 the long term performance of the unit remained satisfactory.
The microbiological performance of the UPFs was evaluated by routinely monitoring 
thermotolerant (presumed faecal) coliform utilising the standard (ISO) membrane filtration method. 
The peak level of raw water faecal coliforms throughout the run period was 12000 FC/lOOml and 
the mean level 976 FC/lOOml. The ripe UPFs consistently achieved faecal coliform removal of
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over 81% and exhibited the ability to attenuate short peaks to the advantage of the downstream 
FESSFs. In a series of short test runs investigating various FESSF configurations, the product 
water of the multistage system was within WHO Guideline values for faecal colifoiin(WHO,1993).
To investigate the performance of the UPFs in removing smaller' microbial particles the system was 
dosed with the bacteriophage of Serratia marcescensfPrurv and Wheeler, 1982). The phage was not 
present in detectable levels in the raw water and was a most effective microbiological tracer. In 
earlier tests it was determined that at raw water phage concentrations of 1 0 -^ 1 0  ^ pfu ml' numbers 
were typically reduced by an order of magnitude across the UPFs. Simultaneous phage and kaolin 
dosing was undertaken to assess the sensitivity of phage removal processes to rapid increases in 
turbidity within the UPFs (Figure 10). Overall phage removal efficiency across the prefilters under 
these conditions was similar to that achieved during periods of steady turbidity loading.
FABRIC ENHANCED SLOW SAND FILTERS & FABRIC ONLY FILTER:
A series of tests were carried out with various fabric enhanced slow sand filters. • Six layers of 
fabric were used to improve the potential run times of sand filters which had sand depths of 1 0 0 , 
300 and 500mm, in addition a 12 layer fabric only filter (FOF) was tested.
The physical performance of the FESSFs was evaluated by monitoring turbidity and suspended 
solids loadings. In general terms the FESSFs consistently produced product water with a turbidity 
<1 NTU, although it should be borne in mind that they were protected by the UPFs. On the 
occasions that sharp raw water peaks of turbidity/suspended solids loadings were experienced the 
FESSFs were able to cope with short term exposure to influent turbidities »10NTU.
Microbiological performance was assessed by routine faecal coliform and total coliform monitoring 
and, in the case of the FESSFs, their removal efficiency was typically in excess of 99%. 
Acknowledging the relatively low faecal coliform levels in the raw water during the test, it was 
noted that there was broadly similar performance from FESSFs of 100, 300 and 500mm sand 
depths. As expected, the 12 layer fabric filter was markedly poorer but achieved a faecal coliform 
reduction of 73.9% from a mean influent concentration of 91 FC/lOOml (Figure 11). However, 
phage tests of the FESSFs indicated that the performance of the 100mm filter was significantly 
inferior (Figure 12).
Operationally the FESSFs were very easy to maintain, the monitoring of head loss via conventional 
manometer tappings gave an indication of the need to clean the units. In general the cleaning was 
limited to washing the fabrics, sand replacement was essentially dictated by other experimental 
objectives throughout the 2-3 year test programme. In the longer term experiments FESSF run 
times in the order of 1 2 0  days were achieved.
CONCLUSIONS
Multistage filtration, comprising upflow gravel prefilters and enhanced slow sand filters, is 
perceived as offering a reliable water treatment system for small community use in the developing
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world which requires only simple .maintenance. In combination with terminal disinfection it 
provides robust multiple baniers to water borne disease. A triple stage prefilter and enhanced slow 
sand filter system was able to sustain long run times when treating raw water from a river which 
had moderate levels of turbidity/suspended solids but which was subject to short peaks following 
rainfall.
Prefilter run times were, with short cleaning draindowns, greater than two years; performance 
remained consistently in the range 60-75% turbidity/suspended solids removal and there was no 
indication of excessive detached deposited particle carryover (washout). Particles down to the 
lower measurement limit of 0.75pm were progressively removed across the prefilters. The shallow 
pilot plant prefilters perfoimed in a satisfactory manner and the relatively coarse 40mm nominal 
media prefilter UPF 1 was able to appreciably reduce sharp turbidity/suspended solids peaks to the 
advantage of downstream prefilters. A feature of the triple stage prefilters was their collective 
ability to attenuate peaks and also facilitate the successful operation of downstream enhanced slow 
sand filters when raw water turbidity was greater than 10 NTU for periods of up to nine months. 
Mean filter coefficients (À) for all prefilters remained positive throughout a monitoring period of 
568 days. A significant degree of biological treatment took place within the prefilters, including 
bacteriophage removal. Cleaning draindown operations were simple and effective; the raised 
prefilter floors producing performance and cleaning benefits which are reported elsewhere in this 
symposium.
The fabric enhanced slow sand filters were reliable and simple to operate. The polypropylene fabric 
layers on top of the sand enabled the filters to continue in operation despite short peaks of 
exceptionally high turbidity in the supernatant. Sand bed depths reduced to 300mm were adequate 
to maintain performance within the multistage system.
The effectiveness of multistage filtration systems in relation to physical and biological treatment 
will depend on raw water turbidity/suspended solids levels, the duration of peak events, the nature 
of particles, media properties and many other factors. Pilot scale on site "treatability studies" are 
recommended to establish the likely performance of a full scale system; in this way the appropriate 
depths of media can be established which balance both treatment and cleaning performances.
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3.1. Abstract
The water cycle is one of the areas in which the most serious environmental concerns are 
focused. The need for safe and reliable water supplies is universal, treatment techniques 
dealing with the microbial and chemical contamination of surface and ground waters are of 
particular importance.
Slow sand filtration has been proved to be a cheap and simple water treatment process both to 
operate and to maintain, the World Health Organisation having stated that the treatment 
method is simple, inexpensive and reliable 1. Previous unpopularity has been due mainly to the 
shortness of the run lengths achieved when treating highly turbid raw water or water with high 
algal content. The use of some form of pretreatment to reduce the turbidity loading on the slow 
sand filters helps to overcome these problems. Other disadvantages with the traditional slow 
sand filters include relatively long filter cleaning duration and the necessity for a ripening 
period. With the development of an Advanced Multistage Treatment process utilising fabric 
enhanced filters it is hoped that some of these disadvantages may be overcome.
Water treatment processes are very varied; however multistage filtration has broad application 
within both the developing and industrialised world. This paper briefly details some aspects of 
Advanced Multistage Filtration with emphasis being placed on its physical particle removal 
properties. Turbidity, suspended solids and particle size distribution results obtained from a 
pilot plant will be given. The Coulter principle of particle size analysis will be discussed with 
details of particle distribution throughout the pilot plant being addressed.
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3.2. Introduction
The staff of the Centre fo r  Environmental Health and Engineering fCJET/Ej, University of 
Surrey are concerned with research into the Development and Integration o f Small Scale 
Multistage Treatment o f Drinking Water, a project funded by the Overseas Development 
Administration (ODA). The aims of the project are summarised below:-
1. To develop a technology that produces safe and sustainable water supplies in developing 
countries.
2. To treat grossly polluted surface water by means of multistage filtration and terminal 
disinfection
3. To provide a technology and design matrix for medium to small scale treatment
4. To demonstrate that multiple filtration produces safe water when challenged with a wide 
concentration and range of pollutants.5. To demonstrate and improve upon any deficiencies in 
treatment identified, using filter fabrics and activated carbon where necessary.
Research work is being carried out on a pilot plant at the Thames Water, Shalford Water 
Treatment Works near Guildford, Surrey. The pilot plant was constructed in the summer of 
1993, by staff and researchers of CEHE. The author of this research paper is primarily 
concerned with the investigation of particle size distribution and removal through the 
multistage filtration pilot plant. The particle distribution is monitored via turbidity testing, 
suspended solids testing and particle size measurements (using a Coulter Counter) at seven 
stages throughout the treatment system.
3.3. Multistage Filtration
The water treatment method employed by CEHE involves the biological treatment of water 
which removes the necessity for supplies of chemicals, resulting in reduced plant operation 
costs and simplified plant management. The pilot plant constructed at the Thames Water 
Shalford W.T.W. comprises two stages of treatment; pretreatment which utilises three upflow 
prefilters in series and secondary treatment which consists of three fabric enhanced filters in 
parallel. The multi-barrier concept under investigation uses a ‘belt, braces and string’ 
approach. The first process removes the majority of the larger, physical contaminants and 
some of the biological contaminants whilst the second process removes the remainder of the 
physical contaminants and the biological contaminants so as to conform with the World 
Health Organisation (WHO) Guidelines^^\ The final process, tertiary disinfection is a 
precautionary measure used to protect against the eventuality of plant malfunction caused by 
unforeseen circumstances (i.e. human error or extremes in water properties or weather 
conditions).
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3.3.1. Upflow PrefUters
Slow sand filters and subsequently fabric enhanced filters, are best suited to treat low turbidity 
waters, generally less than 10 NTU (Nephelometric Turbidity Units). High turbidity waters 
will result in the rapid clogging of the filter bed, reducing the run length of the filter and hence 
it’s efficiency. In order to ensure efficient filter runs it is advisable to design some form of 
pretreatment facility to reduce the turbidity loading on the filters.
Traditionally, gravel prefilters have been operated at flow rates of between 0.6 m /^m /^hr and 
1.0 m /^m /^hr. The flow rate adopted is of acute importance, affecting plant performance and 
subsequently the efficiency of the treatment system. The pretreatment method employed and 
researched by CEHE at the Shalford pilot plant involved two rows of three upflow, gravel 
prefilters (PF) in series containing different media sizes, reducing from 40 mm (PFI) to 20 
mm (PF2) to 10 mm (PF3), nominal diameter. Flow between the prefilters was controlled by 
valves fitted at the inlet to the first prefilter. PVC underdrain supports were designed and used 
to support the gravel media of approximate depth 0.5 m, giving an overall bed depth of 1.5 m. 
The benefits of having a cavity underneath the gravel media is still under investigation. 
However it is believed that the cavity will enhance the cleaning process and improve the long 
term performance and efficiency of the prefilters.
Upflow prefilters are suitable for small scale and developing world situations due to their ease 
of operation and simplicity of design and maintenance. The cleaning procedure involves 
filling the tanks to their limit and then allowing them to drain under gravity through a 
connection at the bottom of the tank. The inflow connection to the prefilter tank can double up 
as the backwash outflow connection, as was the case at the Shalford pilot plant. The tank is 
allowed to drain as fast as possible to allow maximum agitation of settled particles, resulting in 
a more efficient clean. The cleaning process may be enhanced by shock loading, whereby the 
outflow valve is periodically briefly closed during draining of the tank resulting in a pulse of 
water surging through the tank, disturbing any previously settled particles. Once the tank has 
drained it is refilled with raw water and normal operation resumed. The prefiltered water is 
allowed to flow to waste until the disturbed particles inside the tank have settled.
3.3.2. Fabric Enhanced Filters
The water from the upflow prefilters at Shalford pilot plant flowed into a manifold tank where 
it was distributed to three fabric enhanced filters (FEF). These filters had been adapted from 
slow sand filters which had been enhanced with layers of a geotextile fabric (a nonwoven 
synthetic fabric). FEFB and FEFC contained 300 mm and 500 mm of sand respectively, on the 
surface of which six layers of geotextile fabric were fastened. The sand in each tank was 
supported by a bed of shingle to give a combined sand and gravel depth of 600 mm. FEFA 
consisted of six layers of geotextile fabric only, supported by a plastic support frame.
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The principle of the FEF’s operation is similar to that of traditional slow sand filters, the aim 
being to develop a biologically active layer with a filter skin or Schmutzdecke, on the surface 
of the fabrics to maintain microbial colonisation, with organisms such as bacteria and 
protozoa. Protozoa feed on bacteria present in the supernatant water supply and are also 
believed to indirectly digest viruses. A “ripening” period is required to allow for the 
development of the biological layer before optimum treatment occurs. The maturation period 
of the filter may last anything from six hours to thirty days, depending on the supernatant 
water characteristics and the external environmental conditions. The duration of the filter runs 
again depends on the character of the supernatant water. During algal blooms filter runs may 
be as short as one week whilst at other occasions as long as six months.
The advantage of slow sand filters and fabric enhanced filters is that they are relatively simple 
to run and maintain, requiring only limited unskilled labour. This is a major economical 
advantage in developing world countries where labour is relatively cheap and abundant. 
However, the land space required for the filter beds and the increased expense incurred for 
labour in industrial countries, makes slow sand filters and fabric enhanced filters much less 
popular in developed nations.
Since the filters require no chemical addition except for terminal disinfection, they tend to be 
more economical to operate than chemical treatment plants. Their independence from 
chemical supplies makes them very suitable for developing world projects where the expense 
and unreliability of chemical supplies can cause major difficulties.
The major operational requirement of fabric enhanced filters and slow sand filters is that a 
stable environment is maintained in order to ensure the effective operation of the 
Schmutzdecke. When operating fabric enhanced filters a continuous and steady flow of water 
is necessary through the filter bed. Flow rates most frequently adopted range between 0.1 vc?! 
m /^h to 0.4 m /^m /^h, although faster flow rates have been employed.
Due to the treatment process being biological, it is imperative that the biological active zone is 
kept in a wet environment. Drying of the biological zone will result in the dying-off of 
protozoa and eliminate the biological treatment process. The effluent outflow structure is 
normally designed so as to prevent possible undesirable draining of the filter bed. Permanent 
submergence of the filter bed is also required to minimise potential air-binding problems.
The cleaning procedure for slow sand filters involves draining the tank to a level just below 
the surface of the sand and then scraping off the top few centimetres of sand which contains 
the Schmutzdecke. This procedure can be repeated for several filter runs until a minimum 
depth of 0.7 m of sand is reached. Once the minimum depth of sand has been attained it is 
necessary to re-sand the slow sand filter to an approximate depth of 1.5 m. After the dirty sand 
has been removed the slow sand filter is backfilled, backfilling being necessary in order to 
ensure that no air bubbles become trapped within the sand bed. It is general practice to backfill 
with treated water such as the effluent water from a second slow sand filter, however if this is
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not possible prefiltered water may be used. The water is run to waste until the Schmutzdecke is 
sufficiently mature.
The benefits of the fabric enhanced filters as opposed to traditional slow sand filters, are that 
the greater porosity and specific area of the fabric result in a considerably more efficient 
filtration mediumS. The principle objective of introducing layers of fabric to the surface of the 
sand is to concentrate the suspended particle removal process within the fabric layerS. 
Enhancing filters with fabrics can result in extended filter run lengths due to the reduction in 
the rate of head loss through the filter bed. The second benefit is the simplified cleaning 
process, fabric layers can be easily removed and scrubbed with a broom, remounted in the 
support frame and replaced in the filter tanks. Where additional sand is used only minimal 
cleaning of the sand should be required, and generally only after prolonged or intensive runs. 
The cleaning procedure is hence much quicker resulting in a more efficient treatment system. 
The reduced quantity of sand required may be an added advantage for areas where appropriate 
sand is unavailable or too expensive.
3.4. Shalford Pilot Plant
Routine monitoring was carried out at seven stages throughout the pilot plant constructed at 
Thames Water Shalford W.T.W. Sampling points were established at the following stages of 
the pilot plant:-
1. Raw water
2. Effluent of PFI
3. Effluent of PF2
4. Effluent of PF3
5. Effluent of FEFA
6 . Effluent of FEFB
7. Effluent of FEFC
Daily monitoring of suspended solids, turbidity and particle size distribution was carried out. 
The results obtained will be discussed in detail below with emphasis being placed on the 
particle size analysis carried out.
3.4.1. Turbidity
Turbidity in water is caused by the presence of suspended matter. Turbidity is an optical 
property of a sample, it is an expression of the amount of light that is scattered and absorbed 
rather than transmitted in straight lines through a sample.
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Turbidity measurements were taken using a portable turbidimeter (211 OOP Camlab, 
Cambridge) which read to an accuracy of 0.01 NTU.
3.4.2. Suspended Solids
The value of suspended solids is a gravimetric measurement of the amount of suspended 
matter in a sample.
Samples were filtered through Glass Microfibre Filters of pore size 1.2pm and dried at a 
temperature of 105 °C^ \^ Weighing of samples was carried out to an accuracy of 0.0001
3.5. Particle Size Analysis
Sieving has been used as a reference technique for some time, the ancient Egyptians having 
used sieved cement grades for the preparation of cement. Sieving involves physically 
weighing materials with the results usually being expressed in terms of percentage weight 
greater than particle sizes. However this method is extremely time consuming. Another 
method for particle counting is microscopy, again very slow and time consuming.
The method used to analyse the particle size distribution for this research was the Coulter 
Principle, utilising a Coulter® Multisizer II. With the Coulter Principle particles displace their 
own volume of liquid and instruments can size or count the particles at different size ranges. A 
representative sample can be drawn from a beaker for analysis by the Coulter Counter, with 
particle sizes being expressed mathematically in terms of the equivalent spherical diameter.
3.5.1. Coulter® Multisizer II
With the Coulter® Multisizer a solution is made up of the sample and electrolyte. The 
particles suspended in the low concentrated electrolyte solution are made to flow through a 
small orifice (or aperture) in the wall of an electrical insulator, commonly called the orifice 
tube. The orifice creates a sensing zone across which a current path is established between two 
immersed electrodes, setting a certain base impedance to the electrical circuitry. As each 
particle enters the orifice, it effectively displaces a volume of electrolyte solution equal to its 
own immersed volume, and the base impedance is therefore modulated by an amount 
proportional to the displaced volume of the particle. This results in a short duration, electrical 
pulse being created by each particle; the height of the pulse being proportional to the volume 
of the particle. The pulse created may be measured as the change in the resistance, current or 
voltage across the electrodes.
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For each sample analysed, the passage of a number of particles through the orifice produces a 
train of pulses which can be observed on an oscilloscope. These pulses are analysed by counter 
and pulse height circuits to give a number verses particle volume distribution or number verses 
equivalent spherical diameter distribution. Volume or mass against size distribution can also 
be measured, calculated or computed. However it is important to realise that the “weight” 
percentage is only possible if all the particles in the sample have uniform density or a known 
density distribution across their size range.
The Coulter® Multisizer II can be used to measure samples of a 30:1 particle size range using 
a single orifice tube, or a wider size range using orifice overlapping techniques. Distribution of 
Narrow Range materials, e.g. Latex suspensions, can also be accurately resolved using the 
Narrow or Windowing facility built into the Coulter® Multisizer instrument.
The total particle size range that can be analysed by the Coulter® Multisizer is 0.4|im to 
1200pm depending on the orifice tube aperture size. The upper particle size limit is dictated by 
the particle density and the viscosity of the electrolyte solution used whilst environmental 
conditions dictate the lower limit. Standard orifice tube sizes available range between tubes 
with 15pm to 2 0 0 0 pm aperture diameters.
Two standard orifice tubes were used for the particle size analysis of routine samples at the 
Shalford pilot plant; 30pm tube and 100pm tube. The nominal diameter range that can be 
accurately analysed by each tube is stated to be in the order of 2% to 60% of the orifice 
diameter 6 . Hence, using the two previously mentioned tubes, particles in the range of 0.6pm 
to 60pm were accurately measured.
3.5.2. Edit Facilities of the Coulter® Multisizer
Obviously, the greater the number of particles counted and/or sized, the more precise the 
analysis will be. However, high concentrations lead to coincidence effects caused by two or 
more particles passing through the orifice simultaneously. The effects shows a lower particle 
count than really exists and in extreme cases an apparent coarsening of the size distribution is 
observed. When counting above a given threshold, the Multisizer II can automatically provide 
a coincidence corrected count. The correction becomes increasingly less accurate when the 
raw count exceeds it by more than 20%. For maximum accuracy the operator is required to 
restrict the aperture coincidence loss to between 5% and 10%.
The path of flow of particles through the orifice may also result in inaccuracies of 
measurement. Particles from the sample container traverse various paths into and within the 
sensing aperture. Particles which pass centrally (or axially) are within a homogeneous 
electrical field, and the height of the resulting electrical pulse is closely proportional to the 
particle’s displaced volume. However, particles which enter the aperture non-axially pass 
through a region of higher current density, slightly increasing the height of the pulse, and
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resulting in the recording of slightly larger particles than are actually present. The result is a 
skewing of the size distribution towards the coarser sizes, skewing being more noticeable on 
very narrow range samples such as polymer latex.
An edit facility is incorporated into the Coulter§ Multisizer to remove the most distorted 
pulses, in order to give a more accurate recovered size distribution. Typically, up to 50% of the 
particle-generated pulses are discarded by the Multisizer IFs edit circuit, in order to enhance 
the sizing accuracy.
3.6. Results of Shalford Pilot Plant
Figure 5 to Figure 17 give the turbidity, suspended solids and particle size results for Run 3 of 
the Shalford pilot plant. Run 3 took place during May to July 1994 and lasted a total of 78 
days. Whilst the turbidity and suspended solids results cover the whole of the Run 3 period, 
the particle size results cover only the period between day 44 and day 57 of Run 3.
3.6.1. Turbidity
Figure 5 and Figure 6  give the overall turbidity readings for the whole of Run 3. As can be 
seen from the results there was a close relationship between the turbidity of the raw water 
entering the treatment system and the effluent at stages through the pilot plant. The mean 
reduction in turbidity across the prefilters was approximately 63% (Figure 7), with the mean 
turbidities for the preRIters being:- PFI: 6  NTU, PF2: 3.7 NTU and PF3: 2.2 NTU.
100 — Raw
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Figure 5 Turbidity Run 3
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Figure 6  Turbidity Run 3
The performance of FEFA, the fabric only filter, was seen to improve greatly after about ten 
day of commissioning. Although the performance of FEFA was much poorer than that of 
FEFC (the filter containing 500 mm of sand) all the FEF’s achieved an effluent of turbidity 
less than INTU, meeting the WHO recommendations 1. The mean turbidity reduction through 
the FEFs were:- FEFA 65.5%, FEFB 93.1% and FEFC 91.1%. The mean effluent turbidities 
from the FEF’s were:- FEFA: 0.68 NTU, FEFB: 0.13 NTU and FEFC: 0.19 NTU.
♦— %RednPFs 
%RedFEFA 
%RedFEFB 
X— %FiedFEFC
2  20 JO
40 60
Day No.
Figure 7 Turbidity % Reduction Run 3
3.6.2. Suspended Solids
The results for the suspended solids are given in Figure 8  and Figure 9. The mean suspended
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solids levels obtained for the prefilters were:- PFI: 5.67 mg/1, PF2: 3.08 mg/1 and PF3: 1.70 
mg/1. The overall mean reduction in suspended solids through the prefilters was 69.45% 
(Figure 10).
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Figure 8  Suspended Solids Run 3
^  1 0  -- « — FEFA
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FEFC
402 0 60 80
Day No.
Figure 9 Suspended Solids Run 3
The mean suspended solids in the effluent of the FEFs was:- FEFA: 0.87 mg/1, FEFB: 0.12 
mg/1 and FEFC: 0.39 mg/1 with mean reductions of 52.72%, 90.97% and 80.34% respectively.
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Figure 10 Suspended Solids % Reduction Run 3
3.6.3. Particle Size Distribution
Each weeks results collected using the Coulter Counter were averaged; the averaged weekly 
results obtained from the 30}xm and lOOjiim orifice tubes were then overlapped using the 
Coulter software to give the full averaged-sample profile. Only two weeks worth of results 
were collected by the Coulter Counter during Run 3, for the period between days 44 and 57. 
The results obtained from the Coulter Counter were for particles of equivalent spherical 
diameter up to 60|im, however the majority of particles counted had a diameter of less than 
2|im. Due to the effects of noise interference accurate particle size analysis could only be 
carried out to a minimum diameter of approximately 0.7|am. Hence the results presented in 
this paper will only include particles with an equivalent spherical diameter between 
approximately 0.7|Lim and 2pm.
The profiles of the total number of particles in a sample are given in Figure 11 to Figure 14. 
All profiles gave a maximum at the smaller diameter range of the plot. As can be seen the 
maximum total number of particles was greatest for PFI being between 7000 and 8000 
particles whilst the raw water contained approximately 5000 particles. This could have been 
due to the build up of sediment in the first prefilter tank, regular backwashing of the prefilters 
was started on day 50 of Run 3. However, the reduction in the number of particles throughout 
the pretreatment stage is evident, reducing from approximately 7000/8000 (PFI) to 4000/5000 
(PF2) and finally to 1500 (PF3).
The total number of particles counted in the FEF effluents were generally all less than a 
maximum of 350 particles at 0.7pm equivalent spherical diameter. Only FEFC exceeded 350 
total particles during the first week of analysis, yielding a maximum number of 600 particles.
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Figure 15 to Figure 18 present the volume distribution with respect to the equivalent spherical 
diameter. The total volumes obtained at a given particle diameter were again at a maximum at 
the smallest diameter range. Care must be taken when interpreting these results. Although the 
total volume of particles at the larger end of the profile is important it is necessary to realise 
the significant of the results. Remember that it takes a much larger number of small particles to 
fill the equivalent volume of one large particle, consider how many marbles it would take to 
fill a volume equivalent to that filled by a football. The fact that the profile still yields a 
maximum at the smaller diameter end of the plot emphasises the observation that the majority 
of particles present in the samples analysed are still at the finer end of the profile.
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Figure 15 Particle Volume Distribution Run 3
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Approximately two thirds of the particles at the larger diameter range of the profile were 
removed, being reduced from approximately ISOpm  ^ to 50pm^. At the smaller diameter
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range approximately four fifths of the particles were removed during the pretreatment stage, 
from say lôOOpm  ^ to BOOpm^ . The total volume of particles emerging in the effluent of the 
FEFs is relatively small, especially at the larger diameter range of the sample profile. FEFC 
gave poor results during the first week of Coulter analysis, this may have been due to an algal 
bloom, resulting in penetration of the filter bed. The better performance of FEF s A and B 
could be due to the added protection given by the sand bed.
3.7. Conclusion
The results given in this paper show the benefits of an advanced multistage filtration system. 
The multi-barrier concept is ideal for situations of unpredictable raw water quality. Although 
prefilters are usually considered necessary in order to reduce the loading of coarser particles 
on the secondary stages of treatment, their performance on the removal of fine particles has 
proved to be very favourable.
The benefits of having a treatment system that can be easily adapted and modified is of 
obvious benefit for small communities and developing world projects. However, advanced 
multistage filtration can also be applied to situations in industrialised nations. The greatest 
problem facing the implementation of the system in the developed world is the lack of 
available designs for the automation of the fabric cleaning process and the methods for fabric 
removal and replacement. At present designs for the used of fabrics on large scale plants have 
not be fully researched and will need greater consideration if fabric enhanced filters are to 
become popular in the developed world.
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4.1. Abstract
This paper will discuss the need in the water industry for improved particulate monitoring and 
the present means available for this. The traditional method of turbidity measurement is 
acknowledged for its ease of operation and cheapness but the reliability of data produced is 
questioned. Particle counters are considered to be a much more reliable and informative means 
of assessing and monitoring water quality. The relationship between turbidity and particle 
counts is noted, although a reliable correlation between the two measurements is not 
practicable with the variations in water characteristics due to source and external conditions. 
Particle counters are considered to offer a cost effective means of monitoring and evaluating 
the physical performance of water treatment systems, in addition to assisting with the 
improvement of treatment plant design.
4.2. Introduction
Disinfection is described as the removal and/or inactivation of organisms. In order for 
effective disinfection of water supplies to be achieved, it is necessary that the treatment 
procedures used are suitable to inactivate and/or remove the microorganisms present that may 
prove harmful to the consumer. The treated water must be of a quality that conforms with 
acceptable and legal limits. It is the responsibility of the water industry to ensure that their 
product conforms with the relevant legislation or their own more stringent levels of water 
quality. Certain particles are capable of reducing the likelihood of accompanying 
microorganisms being inactivated. In general, inorganic particles (e.g. Iron) appear to have
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little, if any, protective effect, whilst organic particulate matter can provide marked protection 
to microorganisms associated with them by significantly increasing the chlorine demand ( 1 ). 
Dissolved substances may also have a marked effect on the protection of microorganisms. 
Hence, the protection provided to microorganisms by other particles is not only dependent on 
the quantity of particles present but also on the characteristics of the particles. Past research 
has shown that the particulate matter present in water may (2 ):
1. Serve as a carrier for nutrients that can result in biological activity and resultant water 
quality degradation;
2. Exert significant disinfectant demand that can result in loss of disinfectant residual in the 
distribution system;
3. Provide a matrix to transport microorganisms through or introduce organisms into the 
system.
It is suggested therefore, that the particulate matter in treated water needs to be monitored and 
controlled, in order to reduce the amount of harmful organisms present in the final stages of 
the treatment process and hence to reduce the chlorine demand of the final effluent. Several 
methods are available for measuring the amount of particulate matter in a water sample. These 
methods range from the light-scattering technique of turbidimetry to the measurement of 
suspended solids (3) and for even more detailed analysis, the use of particle counters or 
analysers capable of giving particle size distribution information.
The following paper will discuss the benefits and disadvantages of the different methods and 
equipment available for measuring particles for use within the water industry, concentrating 
on the turbidimeter and particle counters. The benefits and disadvantages of either technique 
will be elaborated upon, and attention will be focused on the appropriateness of their use 
within the water industry. Much debate has been carried out on the possible relationships 
between turbidity, suspended solids and particle size, some of the opinions expressed will be 
considered in the general discussion.
4.3. Turbidity
Turbidity measurements give an indication of the particulates present in the water but yield no 
information on their properties. Turbidity in water is caused by the presence of suspended 
matter, such as clay, silt, inorganic matter, colloidal organic particles, plankton, and other 
microscopic organisms. The American Public Health Association (APHA) defines turbidity as 
“an expression of the optical property that causes light to be scattered and absorbed rather than 
transmitted in straight lines through the sample” (3). In general, the turbidity of a sample is a 
measurement of the effects of intraparticle and interparticle interactions (4).
Alternative or supplementary tests to turbidimetry are the suspended solids test and 
gravimetric analysis. In the suspended solids test, the suspended matter in a sample is filtered
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through a glass fibre filter and the dried residue weighed to give a measure of the total mass of 
particles in the sample greater than 1pm nominal diameter. Gravimetric analysis can be used 
to determine the settleable and nonsettleable solids in a sample. Details of these two tests are 
given in the Standard Methods for the Examination of Water and Wastewater (3). However, 
although these tests yield accurate results, they are time consuming and hence are generally 
not suitable for real-time process-control work. As a result, turbidimetry has been relied upon 
in water treatment as an instantaneous indicator of the water quality. Figure 19 shows the 
relationship between suspended solids and turbidity for water samples collected from a 
multistage biological filtration pilot plant constructed at Shalford by staff and researchers of 
the Centre for Environmental Health Engineering, University of Surrey. The results shown in 
Figure 19 are collated from samples of raw water, the effluent from three upflow biological 
gravel prefilters (in series) and the effluent from three fabric enhanced slow sand filters (in 
parallel). A good correlation is seen to exist between the two functions for these results, the 
correlation coefficient for this example being approximately 0.9 (5).
Due to its method of measurement, turbidity is unable to provide detailed information on the 
characteristics of the suspended matter in the sample. A reliable relationship cannot be found 
between turbidity and particle counts due to the effects that the refractive index of the particles 
and the particle shape, size and concentration have on turbidity measurements. Turbidimeters 
and particles counters do not measure the same particle properties and hence result in 
incomparable data. Turbidity is a measure of the water clarity whilst particle counters yield 
two, or three-dimensional information (i.e. particle area or volume is measured depending on 
the methodology) on particle number and size. Although light scatter laser counters measure 
the amount of light scattered by a particle this measurement is carried out on single particles 
and not on a mass body as for turbidimeters. Hence, inaccuracies due to particle settlement or 
coincidence error, which are normally insignificant but of great importance to laser counters, 
have relatively little significance to turbidimeters which are not concerned with the effects of 
such errors, being only a gross measurement of light scatter. In addition, the reliability and 
sensitivity of turbidimeters depends upon their optical, mechanical and electrical design. 
Turbidity measurements have been said to be particularly insensitive to low concentrations of 
particles larger than 5p,m (2), which is of major significance since these larger particles may 
be associated with large numbers of bacteria (6 ). As a result of the lack of sensitivity of 
turbidimeters, doubts have arisen as to the reliability of turbidity measurements as an 
indication of water quality (7) and for process control, these fears being emphasized by the 
recent incidents of Giardia and Cryptosporidium breakthrough in water treatment plants in 
America and South East England.
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Figure 19 Relationship between Turbidity and Suspended Solids for Samples 
taken at different stages of a Multistage Biological Filtration Pilot Plant (5)
Although turbidity measurements do not reveal detailed information, they are useful as an 
instantaneous indication of the quality of a water sample. However, turbidity may be too 
coarse a measurement for accurate and reliable monitoring of the quality of water, especially 
in water samples within low turbidity ranges (8). Not only does the nature of turbidity mean 
that the results cannot be directly related to the characteristics of the measured particles, but 
also the accuracy and consistency between results have been found to be unreliable(9).
4.4. Particle Size And Counts
Particle counting is not a new technology, having been used extensively in medicine, 
electronics, manufacturing processes as well as oceanography. However, its appearance in the 
field of water treatment is still limited. Unlike turbidity measurements, particle counters can 
yield information concerning particle size, number and distribution. Hence, particle counters 
and analysers have many potential applications within the water industry, such as assisting in 
process control, design, selection and evaluation, along with supplementing routine 
monitoring. Some of the potential applications of particle counters are listed below (11):
-monitoring the raw water source in order to adjust process operation for maximum plant 
efficiency;
- assisting in the selection of the most appropriate chemicals and their optimization;
- measuring plant efficiency of chemical coagulation, rapid mix, and flocculation for process 
optimization;
- measuring particulates in filter effluent for effluent control and to improve plant efficiency;
- comparing and evaluating treatment systems (to determine the most appropriate technology.
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most efficient treatment line or most efficient plant);
- controlling treatment processes producing filtered water quality to meet legal and company 
standards;
- serving as an alternative measure for removal of pathogens, such as bacteria, viruses, Giardia 
lamblia, and Cryptosporidium parvum;
- pilot testing alternative technologies in order to distinguish between the performance of 
different filter media types, and to choose better treatment chemicals.
The most common particle counters used in the water industry are light scattering laser 
counters, light obscuration laser counters and electrical sensing counters (often referred to as 
Coulter counters). Other instruments are available, such as particle size analysers or particle 
distribution analysers, however these instrument do not measure the number of particles 
present, and are restricted to yielding particle size information only ( 1 1 ),
4.4.1. Flow Based Laser Counters
Flow-based laser counters require the sample to flow through a sensor zone illuminated by a 
laser or laser diode. In light scattering counters, particles flowing through the sensor zone 
cause light to be scattered. This light is collected and measured over a fixed angle by 
photodetectors. The angle selected (e.g. forward angle: 1 to 190, side scatter: 80 to 1000, or 
back scatter: 170 to 1900) determines what specific information is gained about the particles 
(12). The pulse of scattered light, collected by the photodiode, is proportional to the particle 
size and refractive index, this pulse is translated by the data processing unit into particle size 
and count information. A similar method is applied in light obscuration laser counters. Here 
however, as the name suggests, particles block the light hitting the photodetector and it is the 
reduction in light intensity that is translated into particle size and number information.
Both of these laser counters require the sample to flow through a sensor. An alternative to the 
flow based laser counters are the static sample light scatter particle counters. In this method a 
sample is held in a translucent container whilst a laser beam is scanned through it. The 
scattered light resulting from the particles present in the sample is again collected by a 
photodetector and stored by the instrument. On completion of the scanning, this information is 
processed using a mathematical algorithm to yield a particle size distribution(ll).
4.4.2. Electrical Sensing Counter (Coulter Counter)
The electrical sensing counters or Coulter counters, originally developed for counting blood 
cells, operate using a very different method to the laser counters. Immersed electrodes placed 
either side of an aperture set up an electrical current. A known measure of sample (either know 
volume or a timed sample) is drawn through the aperture. As a particle passes through the
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sensing zone it alters the resistance between the electrodes by displacing a volume of 
electrolyte solution equal to its own immersed volume. The change in resistance causes a 
voltage pulse whose height is proportional to the particle volume. The data processing unit 
converts these pulses into equivalent spherical particle diameter and number information.
This method of particle analysis, necessitates that the sample to be measure is electrically 
conductive, either naturally (e.g. seawater), via suspension in an electrolyte solution or by 
increasing the sample conductivity by the use of a conductor such as sodium chloride. As for 
flow based laser counters, the equipment is designed so that particles pass one at a time 
through the orifice. Coulter counters can count up to some 10 000 particles per second. The 
electrical pulse generated by a passing particle is proportional to the volume of the particle, 
and not to particle area as in light obscuration laser counters, giving much better resolution and 
hence more accurate and reliable results (13).
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Features to compensate possible inaccuracies caused by coincidence error and non-axial flow 
have been incorporated into newer models of Coulter counters (such as the Coulter Multisizer 
II). Coincidence is of major concern in concentrated samples where more than one particle 
tries to pass through the aperture at the same time. This may result in the particles being 
considered as one, affecting not only the particle size but also particle number. Particles that 
do not flow in a straight line through the aperture may also lead to errors in the particle 
information obtained, by remaining in the field for longer than expected and hence being 
counted as larger than their true size (13).
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4.4.3. Advantages and Disadvantages of Particle Counters for use within the 
Water Industry
The size range of particles measurable by particle counters depends greatly on the method of 
measurement. Generally, light scattering counters will count particles in the range of 0.1 to 
50jim, light obscuration counters from 1 to 500pm, whilst Coulter counters can measure 
particles 2  to 60% of the tube aperture diameter (15-2000pm tubes are available), i.e. between
0.3 to 1200pm. Although different instruments may present the same particle size distribution 
information (generally expressed in terms of equivalent spherical diameter) the methodology 
used for gaining the data results in variations between the information. Light obscuration 
counters measure the image of the area of individual particles whilst Coulter counters measure 
the equivalent particle volume. Hence it is not possible to directly compare results gained from 
different instruments.
There are many advantages and disadvantages to the different particle measuring equipment. 
The cost of the apparatus and the implementation is of obvious importance, this constitutes 
one of the reasons for the slow integration of particle counters into the water industry. Before a 
particle counter is chosen its function and future uses must be well defined. Decisions such as 
the particle size ranges to be measured and the location of its installation must be considered. 
Light scattering counters have been shown to be of use in optimising operation procedures (14, 
15) and for filter evaluation (16) in full-scale water treatment plants as well as in pilot plant 
experiments (17). Coulter counters have also been shown to be of benefit to the water industry, 
having been used to evaluate particle removal in rapid rate filters (18) as well as being able to 
demonstrate a relationship between filter effluent turbidity and particle removal in full scale 
tests (19).
Light scattering and light obscuration counters have similar advantages; such as good linear 
response to particle diameter, good repeatability of analysis, a wide working size range, 
flexibility in the selection of sample flow rate through the sensor, and on-line capability. 
However, disadvantages of such counters are caused by limitations to the maximum particle 
concentrations that can be analysed and the influence of particle refractive index on the 
measured particle size (a hindrance in natural waters containing particles of varying refractive 
indices (20)). On-line laser counters depend on maintaining constant and reliable flow rates 
through the sensor zone in order that accurate and precise particle counting data can be 
achieved.
Light scattering counters have the advantage of being able to size particles less than 1pm 
diameter and of being flexible with respect to the selection of the angle of light scatter. 
Submicron size measuring capabilities give enhanced sensitivity in low particle concentration 
waters, however, for highly concentrated waters (such as untreated surface water or 
flocculated, unfiltered water) dilution would be required and could affect the overall accuracy 
of the results and cause on-line installation complications. Light obscuration counters may 
also require dilution of highly concentrated waters but, due to their lower sensitivity, they are
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able to measure particles at higher concentrations than those measurable by light scattering 
counters. However, if high flow rates are required through on-line light obscuration counters, 
limitations may occur due to the large pressures required for maintaining these flows.
Static sample light scatter particle counters are limited by the low maximum concentration of 
samples, being restricted to approximately 1000 particles greater than 1 pm/ml. This is much 
lower than other particle counter capabilities, and hence may not be appropriate for water 
treatment systems (11). However, its non-invasive technique and simplicity of operation may 
make it appropriate for work in other industries and fields of research.
Coulter counters benefits arise as a result of their ability to achieve high counts and to analyses 
relatively concentrated samples (when compared with flow based laser counters). The 
measurement of a three-dimensional function (equivalent particle volume) as opposed to a 
two-dimensional function (equivalent particle area), results in excellent resolution. However, 
Coulter counters can be susceptible to the effects of electric noise, although these problems 
can be minimised by protecting the counter from outside interference and by restricting the 
minimum sized particles counted.
Sample volumes required are small and dictated more by the necessity to submerse the 
aperture and electrodes in the sample rather than by the actual volume of sample required for 
analysis. Typical sample volumes range between 0.05 ml to 2 ml with analysis times of 
approximately 1 min. As mentioned, a conductive solution is required and hence sample 
preparation may be necessary. The effect of raising the ionic strength on particles, especially 
in flocculated water, may be of concern due to its effect on particle properties.
Particle counters hold many potential uses and benefits for the water industry. However, due 
to their increased technology when compared to the more traditional turbidimeters, particle 
counters are also more susceptible to operator inaccuracies and errors. In all cases care must be 
taken to ensure that concentration limits are not exceeded in order to avoid problems of 
coincidence error (resulting in both wrongly sized and counted samples). The size, shape, 
refractive index, conductivity and colour of the suspension liquid and conductivity of 
particulates may all affect the particle information obtained. Greater operator skill is required 
to ensure that instrument drift and changes in sample properties can be differentiated. 
Electrical noise, sample or container contamination, air bubble entrapment are just a few of the 
properties that need be considered in order to guarantee reliable and accurate results.
As has been previously mentioned, American legislation has ordered that particle counters 
must be introduced into the American water industry in order to address the concerns relating 
to pathogen contamination of drinking water supplies (10). Due to the physical and chemical 
properties of pathogens, their reflective index or conductivity may again effect the data 
acquired to an extent that the measured equivalent spherical diameter does not correspond 
with the actual diameter. It is imperative, that the particle counter used is first calibrated to the 
users requirements, i.e. the measuring instrument should be used to evaluate the size range of 
the organism as measured by the instrument, so that the actual size of the organism can be
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related to the results obtained (15).
Commercially available particle counters differ in terms of concentration limits, resolution, 
and particle size range. Moreover, particle counts tend to increase exponentially and inversely 
with size. Therefore, to make valid comparisons of reduction efficiency, reported counting 
ranges must be the same. Particle properties, such as refractive index and conductivity, can 
vary among source waters and can influence the measured particle size. The number of 
samples analysed, sample collection, sample handling, and data reporting practices can also 
significantly influence measured values and data interpretation (21). All the above properties 
must be considered when comparing results, in order to ensure that only like samples analysed 
under equal conditions are compared. If results obtained from different samples or analysis 
methods are to be compared, any compensations or assumptions made must be noted to allow 
differences in results to be recognised and justified.
4.4.4. Light Microscopes and Flow Cytometers
For verification of particle counting methods samples can be investigated using, say, light 
microscopy or flow cytometry. However, for particle size verification great care must be taken 
to ensure that the sample preparation method does not affect the properties of the particle 
under investigation. In general, microscopic techniques count plankton or other particulates 
per millilitre but do not produce size distribution data. Although light microscopes can yield 
vast amounts of information, for example they can be used to size particles and to differentiate 
between organics, inorganics and agglomerates (2 2 ), they are extremely time consuming. 
Microscopes usually express particle size in terms of longest linear dimension (20), and not in 
terms of equivalent spherical diameter. It is a labour-intensive technique, with only skilled 
microscopists being able to generate consistent results, interanalyst variability also being high. 
The attempt to compare measurements obtained via different sizing methods using a 
microscope (longest linear dimension), laser counter (equivalent spherical area) and Coulter 
counter (equivalent spherical volume), have been defined as being equivalent to trying to 
comparing the size of a banana, a slice of tomato, and an orange (23). This is an excellent 
analogy for stressing the difference between measurements obtained using different 
measurement techniques.
Flow cytometers are complex, ‘state of the art’ instruments, capable of simultaneously 
measuring two to six parameters (particle volume, light scatter at various angles, fluorescence 
at various wavelengths) of individual particles and statistically treating the data of several 
thousand of these particles to yield frequency distribution histograms, coefficients of variation 
about the mean and log normal distribution skewness, etc. The particle sizes measurable range 
from less than 1pm to greater than 100pm in diameter (11). However, the flow cytometer is 
extremely expensive, and requires high operational skills. It is a system that may be used for 
the development and evaluation of particle counting systems but is not appropriate for routine 
work.
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4.5. Relationship Between Turbidimetry And Particle Size Analysis/ 
counting
Much research has been carried out in order to determine if there is a direct correlation 
between turbidity and particle size (2,24,25,26). Although some research has proved that this 
may be the case the results are often conflicting, most researchers agree that there is a 
relationship between turbidity and particle counts but there is no obvious correlation. The 
variation in characteristics between different source waters results in any correlation changing 
with variations in environmental conditions and related particle characteristics in the water 
sample. Literature suggests that, due to the differences between different water treatment 
process, the relationships between particle counts, turbidity, and water quality are individual to 
each water and treatment process (21). Hence, although a direct correlation may be the case 
for a certain water under certain conditions, it could not be used to accurately predict 
turbidities or particle concentrations (24).
More and more tests have shown that turbidity is an unreliable indicator of the number of 
particles in a water sample. Electron microscopes and particle counters have revealed that 
even waters with low turbidities may contain relatively high numbers of particulates and hence 
harmful microorganisms (27). Relatively small changes in turbidity can be accompanied by 
large changes in particle number and distribution (2 0 ), yielding much less reliable data.
Particle counting has proved to be much more sensitive to variations in water characteristics 
and to produce much more accurate information on the physical properties of a water source 
than turbidity (2,20). In addition, particle counts tend to re-stabilize much faster than turbidity 
values, turbidity having been found to continue to decrease whilst particle count data has 
increased. This results in misleading information that may have serious consequences if plant 
operation relies upon turbidity values for operational control procedures. The reasons for the 
poor response of turbidity have still to be determined, although it is possible that it may be due 
to submicron particles that are below the detection limits of turbidimeters and/or the settling 
out of larger particles. An important characteristic of turbidity measurement is that for a given 
mass concentration of particles, the turbidity is less with larger sizes (25). Add to this the fact 
that turbidity test are limited for low turbidity water (less than or equal to 0.1 NTU) and the 
reasons for the reduced trust in turbidity measurements become apparent.
It is difficult, if not impossible, to reliably predict the relationship between turbidity, particle 
counts and microbiological quality. However, studies conducted by the American 
Environmental Protection Agency (EPA) state that if the turbidity is kept below a certain 
value, the Giardia levels will be sufficiently low. Further work carried out by the EPA 
contradicted these findings, showing that particles of equivalent size to Giardia could pass 
through the water treatment system with no increase in turbidity (25). Turbidity cannot be 
expected to be a reliable gauge of pathogens, which may be a few microns or less in diameter 
and which may occur in small concentrations, due to the relatively small amounts of light that 
they may scatter. Although turbidity may give an indication of microbiological pollution, it is
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unable to give precise and reliable information on the size of the particles and hence the 
possible breakthrough of pathogens such as Giardia and Cryptosporidium.
The reliability and increased information available from particle counters obviously suggests 
that they have great potential for improving the monitoring and evaluation of water treatment 
systems. There is inconclusive evidence that a relationship exists between turbidity, particle 
counts and the microbiological water quality, although opinions differ on the relationship 
between Giardia and particle counts (21, 26). However, particle counters, as being discussed 
here, are not purely counting instruments but can also size the particles, giving the ability to 
detect particles in a defined size range. Hence, size ranges appropriate for monitoring certain 
organisms can be selected and used to monitor the penetration of pathogens, such as size 
ranges which include Giardia cysts and Cryptosporidium oocysts.
Particle counting shows superior resolution for the determination of water quality, giving 
much more reliable and accurate data (8 , 15). The information yielded by particle size 
distribution data can enable the evaluation of different treatment technologies in order to 
assess the most reliable and efficient system. If sufficient particle reduction can be 
demonstrated, disinfection levels may be adjusted accordingly. By this means, the effects of 
disinfection-by-products on the health of the customer could be reduced without concern 
arising as to the microbial quality of the water (8 ).
4.6. Conclusion
The importance of monitoring the physical properties of water cannot be over-stressed. 
Observation and theory have found the size of suspended particles to be one of the most 
important physical variables influencing deep-bed filtration (28) as well as having significant 
impact on the efficiency of the process and the chlorine demand of the final effluent. Physical 
contaminants are not just an aesthetic problem but can lead to the protection of harmful 
pathogens and also result in an inefficient and costly treatment process.
A spontaneous, reliable and easy means of assessing the particle concentration in a water 
system is required. Turbidimeters are both quick and easy to operate. However, turbidity has 
been shown to be an unreliable indicator of water quality. Turbidities sometimes slow 
response to changes in particle counts may lead to fluctuations in particle concentration going 
unnoticed, or at least result in a delayed response to such fluctuations. Even when turbidity 
values are low, the concentration of particles may have significantly increased (or vice-versa).
Although the reliability of turbidity data is under debate, the relative low cost of turbidimeters, 
their easy operation and real time monitoring facility makes them appropriate for use as an 
indication of water quality. However, the author believes that, turbidimeters as a stand alone 
monitor of the physical contamination within a water system is no longer satisfactory. Particle 
counters have been shown to be reliable predictors of water quality, and to respond quickly to
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changes in the physical properties of water samples. It is considered advantageous to 
incorporate particle counters into the routine control systems of water treatment processes, not 
with the intention of replacing turbidimeters but in order to improve the design, monitoring 
and evaluation operations.
There are many reasons for the delay in the incorporation of particle counters into the water 
industry. Compared to the traditional turbidimeters, particle counters seem very expensive. 
However, companies should visualise the purchase of a particle counter as an investment. 
Operational cost savings (chemicals, electrical energy, plant equipment, maintenance) can be 
made by monitoring the day-to-day performance of the treatment system, allowing the most 
appropriate and efficient method to be chosen, monitored and evaluated. Cost savings made 
can pay back the initial expense after a very short time period. Southern Water decided not to 
carry out improvements to their rapid gravity filters at Testwood due to data recorded by their 
line laser counters. A potential cost saving of just less than £200 000 was made due to this 
decision (28).
Another possible reason for the slow implementation of particle counters in the water industry 
is their perceived complexity of operation. Generally, this is not the case and is due rather to 
instrument unfamiliarity. However, if particle counters are to become more standard 
instrumentation for the monitoring and evaluation of water treatment systems many details 
must be addressed. Particle counters were originally designed for use in the fields of 
electronics and medicine and produce far more data than is needed for water treatment control. 
Water companies that are currently using particle counters have been faced with data 
interpretation difficulties. A means of obtaining results in a simple and appropriate format is 
necessary if broad application within the water industry is to be achieved. Cheaper, more 
robust and simpler instruments tuned to the industries needs are required to support process 
monitoring and evaluation in the water industry.
Much of the onus should be placed on the suppliers of particle counters, to encourage them to 
research into the water industries requirements and to modify their counters accordingly. The 
benefits to the water industry are many, but the present day counters are relatively expensive 
and often too advanced for wide application in the water sector. Until particle counters are 
adapted to the water industries requirements, they are likely to remain limited to research work 
and turbidimeters will continue to be relied upon as indicators of water quality.
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5.1. Abstract
The influence and importance of biofîlms on the particle removal efficiency of biological 
filters has not been well related to traditional filtration theory. The potential penetration of 
pathogens such as Cryptosporidium spp. through water treatment systems has led to great 
public concern. By furthering the understanding of removal mechanisms within biological 
filters, and changes occurring to properties of the organisms and their final destination, 
increased confidence in biological water treatment systems may be gained. This paper reviews 
traditional filtration theory and biofilm mechanisms with the aim of encouraging further 
research into the understanding of interacting physical, chemical and biological particle 
removal mechanisms.
5.2. Introduction
Cryptosporidium oocysts and Giardia cysts are protozoan parasites which can cause 
gastrointestinal disease in humans. In April 1993, Cryptosporidium oocysts penetrated the 
water treatment system in Milwaukee resulting in 400,000 people contracting 
cryptosporidiosis. This was the largest outbreak of a waterborne disease in the history of 
America. Other cases of Cryptosporidium oocysts breakthrough have occurred both in Britain 
(Sheffield, Ayrshire 1988; Oxford, Swindon 1989; North Humberside 1990) and in America 
(Oregon; Carrollton, Georgia 1987) (1). Another protozoan, Giardia spp., has been implicated 
in 95 outbreaks of waterborne disease, occurring between 1965 and 1985 (2). Some of the 
main concerns regarding Cryptosporidium and Giardia spp. stem from their environmentally
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robust nature, their ability to penetrate chemical treatment systems and the low infective 
dosage for humans (this may be as low as ten Giardia lamblia cysts and thirty 
Cryptosporidium parvum oocysts (2)).
Cyst penetration of chemical treatment systems has brought to attention a major benefit of 
utilizing slow sand filters for the removal of harmful microorganisms. In addition to the 
removal of biological organisms, such as bacteria and viruses, biological treatment systems 
have been employed for the removal of biodegradable electron donors, such as ammonium, 
ferrous iron, manganese, sulfides, natural organic polymers and monomers, and synthetic 
organic compounds (3). Their ability to remove cysts and oocysts has also been demonstrated 
(4). However, limited research has been carried out regarding the final destination of the 
organism after it has been removed within the filter bed. Are the organisms broken down 
within the filter and rendered harmless or are they stored upon the filter media, allowing for 
potential saturation of the filter bed and eventual penetration into the effluent stream? If the 
organisms are retained within the bed, is the media capable of holding the particulates before 
being removed for cleaning. If this is so, does the cleaning process ensure that all harmful 
particulates are removed from the filter media and not later returned to the bed? Finally, what 
happens to the organisms once washed, and do they pose any potential future problems?
The need to be able to measure the penetration of such organisms as Cryptosporidium oocysts 
through treatment systems has led to a review of monitoring techniques. Turbidity 
measurements have been widely employed within the water industry due to its real-time 
response, simplicity and relative cheapness. However, turbidity measurements have failed to 
show penetration of certain organisms through filter beds. Particle size measurement, because 
of its more precise measurement technique, is a more accurate means of measuring particle 
penetration. Although particle counters give more detailed information regarding the physical 
size of particles present, they do not yield information regarding changes in particle 
characteristics through the bed, with depth, time and external conditions.
It is generally agreed, that the organisms loading a biological filter are not necessarily the 
same as those found in the effluent stream of the same filter bed. Many organisms may grow, 
multiply, die and/ or decompose during its time within the filter. Particles present in the feed 
water may serve as fodder for living organisms within the bed and hence be digested and 
broken down. In addition, the organisms that are grazing, will eject faecal matter back into the 
flow stream. As a result, the composition of the suspended particles will change as they pass 
down through the media. Biological organisms may increase in number while the 
concentration of others decreases, some may be broken down producing particles of different 
characteristics. Preferential particle removal will also occur, depending on the particle, 
transport fluid and media’s characteristics. Consequently, the filter particle removal efficiency 
will be affected due to the changing ecology within the bed.
Traditional filtration theory considers the influence of chemical and physical mechanisms on 
particle removal. Although the understanding of filter characteristics has been enhanced by
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research into the ecology of biological filter beds, such work has not adequately investigated 
the influence of attachment, adsorption, detachment and desorption mechanisms that may be 
occurring due to the development of biofilms. Traditional filtration theory helps explain how 
particles are transported to, attached and detached from media surfaces, but gives limited 
consideration to biological influences such as growth, decay and decomposition. The impact 
of suspension fluid (water), particles and media characteristics (such as particle concentration, 
media and particle surface charge, media and particle size, fluid flow rate) on particle removal 
efficiency has been relatively well researched. However, due to the lack of consideration of 
the biological nature of slow sand filters, and other biological treatment systems, such 
mechanisms cannot fully describe the processes occurring within the filter bed.
5.3. Surrogate Dosing
Particle removal has been investigated through the use of surrogate dosing, using both natural 
organisms and synthetic particles such as Cryptosporidium oocysts and latex beads within 
different treatment systems and under different operating conditions. Opinions are still mixed 
as to how reliable the use of surrogates is. It must be stressed that the use of surrogates does 
not yield a true performance record. Such experiments can only aim to give an indication of 
the performance of a filter under similar conditions for particles with similar properties.
More realistic results would be expected if the organisms being investigated were used during 
the experiments. However, these organisms may be pathogenic and not ideal for general 
research work. If the benefits of dosing with potentially pathogenic or difficult to measure 
organisms is deemed great enough, the ensuing work may become very involved and 
expensive. Such is the case with the analysis of Cryptosporidium oocysts, not only is the 
analysis method complex and costly, but the recovery rate is also often poor, reducing the 
reliability of results (5).
Consideration must be given to the differences in characteristics between organisms prepared 
in the laboratory and those occurring in the natural environment. Organisms from natural 
sources will be surrounded by other micro- and macro-organisms, with continuously changing 
environmental conditions, and may already be attached to a media surface or biofilm. It has 
been shown that the conditions surrounding organisms, e.g. whether the organism is in a liquid 
phase or attached to a surface, may significantly affect their physico-chemical characteristics, 
such as the preferential activation and deactivation of bacteria genes and the development of 
cell walls (6 , 7, 8 ). Whether this increases their likelihood to attach to a media surface, or to 
bind to other organisms, is specific to the organisms and surrounding conditions.
The validation of the use of surrogates could be improved if a greater understanding of the 
mechanisms involved in the removal of the particles within the bed was gained, and their 
influence on the particle properties. We should be concerned with the whole life cycle of such 
organisms. Only by knowing the final destination and properties of the organisms can we be
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sure that it has been adequately treated and/or disposed of.
The interaction of current filtration theory, biological filter ecology and biofilm mechanisms 
needs to be investigated. Mass balances of particles into and out of a filter does not yield 
sufficient information regarding particle removal. Only the detailed examination of filter 
effluent can confirm the removal of pathogenic organisms. An increased understanding of 
filter mechanism will assist in increasing understanding of particle removal and/ or 
inactivation. Several important questions are not satisfactorily answer by current research. Are 
harmful particles retained within the bed, broken down or do they avoid entrapment as they 
pass through the filter? Why are certain particles preferentially removed or rendered harmless, 
and what are the mechanisms for such processes? An understanding of the changing properties 
and destination of organism within filter beds may help to ensure that particles are adequately 
treated. If current treatment methods are found insufficient, the resulting information may 
support suggestions for modifications and improvements to treatment systems.
5.4. Particle Removal
5.4.1. Physical/ Chemical mechanisms
Many filter models have been developed in order to predict particle removal. The majority of 
such models have considered traditional physical and chemical filtration theories. However, 
these models have generally either been too simple and specific or too complex to be applied 
to practical applications (9). The complexity of modelling a continually changing system, has 
resulted in the development of semi-empirical or empirical filtration models. Although many 
of the approaches adopted relate well to practice, it is only under pre-defined conditions. For 
example, models have been derived to defined transport mechanisms for a single-collector 
under clean bed conditions which assume no influence from hydrodynamic retardation and 
van der Waals forces (10). This was based on the assumption that the hydrodynamic 
retardation forces were equally balanced by the van der Waals forces. Such theoretical 
assumptions agree well with practice where diffusion forces are dominant, however, the 
theoretical agreement breaks down for situations involving interception and gravity. 
Variations between water, operating conditions and the natural environment, means that no 
single theory can reliably predict the filter efficiency of a bed without prior experimental 
verification.
5.4.2. Biofilms
The purifying effect o f sand filters in drinking water treatment is mainly due to biofdms on the sand grains.
(Duncan (11))
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Biological mechanisms that influence particle removal in filters have generally either been 
included in the chemical attachment mechanism or have been considered as a separate subject. 
Filtrate quality has been shown to improve with time, explained as the consequence of 
suspended particles attaching onto previously deposited particles (12). However, additional 
benefits are gained from the formation of biofilms on the substratum (media) surface. Biofilms 
enhance the physical particle removal efficiency as well as improving removal through 
biological mechanisms as a result of media surface organic conditioning (13).
Biofilms have been described as a gel phase formed between water and a solid surface (14). 
They are composed of microbial cells and extracellular polymeric substances immobilized at a 
substratum (15). The polysaccharides, other polymeric substances and water, which make up 
the dense, sticky biofilm bed, are produced by the biofilm bacteria (8 ). Biofilm adhesion, 
cohesion and structural integrity is provided by the extracellular polymer matrix which may 
contain as much as 50 to 90% of the biofilm organic carbon(14).
Selection of biofilm organisms will be greatly influenced by the properties of the surrounding 
water and media. Bacteria are one of the main occupants of biofilms, although fungi and algae 
may also be present (8 ). The prevalent biofilm organisms properties will modify the 
microenvironment of the biofilm and influence future biofilm growth and changes to the 
biofilm properties. Hence, biofilm properties are dependent upon the properties of the 
surrounding environmental, as well as the characteristics of the preferentially selected 
organisms (16).
One of the most important properties of biofilms is their ability to develop microconsortia. 
This occurs due to the long retention time of organisms within the matrix, resulting in 
aggregation of the organisms. Aggregates may be composed of different organisms, resulting 
in multi-species microconsortia (14). Such microconsortia, instead of competing against each 
other for food etc., can exploit and benefit from each others wastes. By combining resources 
they are able to resist higher levels of toxicity and also break down substances that would not 
have been possible if a single species existence was led (8 ). As a result, biofilm organisms 
have been found to tolerate concentrations of toxic substances 50 to 500 times higher than 
when in suspension (14).
In addition to the influence exerted by the deposition of microorganisms on the ecology of the 
biofilm community (17), the physical properties and spatial arrangement of the cells within a 
biofilm may also have a significant impact on biofilm characteristics (18). It has recently been 
proposed that biofilms contain transport channels, through which water, waste, nutrients, 
enzymes and oxygen may flow (8 ). Since many of the species within the biofilm may feed off 
the waste from other organisms, the easier access of such substances is of obvious advantage.
Biofilms can assist in the removal of both organic and inorganic particles. The primary stage 
of biofilm development involves an initial coating of the media with organic molecules. Such 
a coating may completely cover the media surface or be patchy. Rittmann (19) concluded that
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continuous biofilms are likely to develop in wastewater treatment systems due to the higher 
substrate loading, whereas for many water treatment systems biofilm development may be low 
resulting in a discontinuous biofilm layer. Substrate utilization permits biomass growth, and is 
in turn lost through decay and biofilm detachment. Hence, the properties of the biofilm are 
dependent on substrate supply, which is determined by initial transport to the biofilm, 
diffusion within the biofilm and finally its utilization once within the biofilm (3).
The initially adhering organic polymers may have up to 105 sub-units, each with the potential 
to form a bond with the media. As a consequence it is highly unlikely that all of the formed 
bonds would break simultaneously, reducing the likelihood of desorption (13). The organic 
molecules influencing particle attachment have been shown to be biological in origin and able 
to adjust the critical surface tension towards a value that may encourage bacterial adhesion 
(20,21, 22,23). Once a living cell has attached to the biofilm, its new environment will define 
the metabolic processes that it will carry out. Such processes may include cellular growth and 
replication, product formation, decay or maintenance and cell death or lysis (24). Soluble by­
products, extracellular polymers, carbon dioxide and water are continually being produced 
within the biofilm.
5.5. Particle Removal Mechanisms
Particle removal within filters occurs as a result of three mechanisms, namely Transport, 
Attachment and Detachment. Particle removal can only occur if firstly the particles are 
transported to the media surface and secondly if the particles attach and are held to the media.
5.5.1. Transport Mechanisms
Transport mechanisms are dominated by physical forces although as particles approach the 
media chemical forces become more significant. The three main transport mechanisms are 
Brownian or molecular diffusion, interception and gravity or sedimentation. In addition 
inertial forces, hydrodynamic forces and straining may occur with consideration also being 
given to the motility and chemotaxis of some living organisms (13). Non-biological transport 
mechanisms have been well reported (10,12,25, 26, 27,28,29).
5.5.2. Attachment Mechanisms
Subsequent to the contact between the particles and media surface, other forces must be 
applied in order to hold the particles onto the media. For efficient filter operation, it is 
necessary that particles remain attached until such a time as the media is cleaned, when 
particle detachment is required. Particle attachment can occur as a result of electrical double 
layer interactions, van der Waals forces and hydrodynamic effects. O’Melia (12) stated that
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particle attachment is ‘dominated by surface properties of the suspended particle and the filter 
media and also by solution chemistry’. Chemical attachment aspects are well documented and 
consider the influence of the electrical potential differences between the particles, media and 
carrier fluid ( 1 2 ).
Electrical interaction between suspended particle and filter media in water treatment systems 
occurs at distances less than 50nm (12). Such interactions can lead to favourable or 
unfavourable attachment. Theory and practice give different predictions for the two 
conditions. As expected, low deposition rates occur under unfavourable conditions (repulsive 
interaction), although greater than theory predicts, whilst in favourable conditions theory over 
predicts particle attachment (12). Physical characteristics may affect the influence of such 
electrical forces. Where electrical repulsive forces occur, larger particles can increase the size 
of the energy barrier produced between the approaching particle and media, reducing the 
particle deposition efficiency (30). However, van der Waals forces may increase with particle 
size, assisting attachment. O’Melia (12) stated that the influence of repulsive forces is more 
significant on submicron particles where particle transport is by diffusion rather than for 
particles transported under gravity or interception forces.
Biological treatment systems are less controllable than chemical systems. Attachment 
mechanisms within chemical treatment systems can be enhanced through the controlled 
adjustment of electrical potentials by the addition of polymers. Within biological/ chemical- 
free systems such mechanisms cannot be controlled. The initial attachment of organisms to the 
media surface may result from the impact of electrostatic forces or may be a consequence of 
the production of alginate, which acts as a biological glue (8 ).
Adhesion of particles onto a developing biofilm assists in its growth, and in defining its 
properties. Biofilm adhesion can be categorized as either reversible (where cells can be easily 
removed through washing) or irreversible. Reversible adhesion has been referred to as passive 
attachment, occurring as a consequence of short-range physicochemical adhesion (31). 
Generally the longer a cell is held on the biofilm surface the stronger is its bond. As a result, 
reversible adhesion may shift towards irreversible adhesion with time.
Irreversible adhesion is largely governed by the physical properties of the macromolecules on 
the adhering cell surface, as well as the production of extracellular polymer. Such activities are 
a result of physiological cell activity, possibly occurring due to a cell ‘tactile sense’ (6 , 13). 
Exopolymers, referred to as biopolymers, are produced by bacteria and algae, and may be 
proteins or lipopolysaccharides in the outer membrane, proteinaceous appendages, or complex 
polysaccharide layers. Biopolymers can act as natural coagulants, destabilizing colloids and 
microorganisms within water treatment systems, including silica, and kaolin (32). Even if the 
interactions between polymers and the substratum are weak, significant adsorption is likely 
due to the large number of polymer segments (up to several thousand monosaccharides in a 
bacterial polysaccharide) (16). It is not certain that extracellular polymers produced by the 
organisms are necessary for irreversible attachment. One hypothesis, posed by Bryers (13), is
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that polymer molecules present on the media surface may migrate to allow contact with the 
suspended organism, resulting in a discontinuous composition on the media surface (13).
The importance of considering microbial attachment interactions may be demonstrated by the 
influence of surface charges. Most substratum surfaces have, or quickly acquire, a net negative 
surface charge. Bacteria also possess net negative charges under natural environmental 
conditions. However, many bacteria readily adsorb onto surfaces due to a ‘sticky’ coating. 
Other bacteria respond much slower, possibly requiring initial surface conditioning. Hence, if 
purely chemical mechanisms were considered, bacteria would be unlikely to be removed 
within a filter bed. Bacteria are believed to adsorb through the bridging of repulsive forces by 
fine extracellular structures. Such structures are dependent upon the bacterial type, and include 
extracellular polymeric substances, pili and fimbriae (18).
5.5.3. Detachment Mechanisms
Detachment is a result of deposit instability. Certain conditions, such as unfavourable 
electrostatic forces, high shear forces caused by high flow rates or sudden changes in flow 
rate, may result in particle detachment from the media surface.
Particles attached to the media in the form of a biofilm may be removed by predator grazing, 
abrasion, erosion, sloughing or human intervention (13, 24). It was concluded by Applegate 
and Bryers (33) that the prevalent conditions during the growth of the biofilm will help define 
the dominant biofilm removal mechanism. They found that less dense biofilms, often 
produced under carbon restricted conditions, were preferentially removed by erosion rather 
than sloughing. Contrastingly, more rigid biofilms produced under oxygen limited conditions, 
were more likely to be removed by sloughing than erosion.
Physical conditions may also determine the detachment mechanism. Generally, where rough 
surfaces are present, erosion is more likely to occur than sloughing. Correspondingly, when a 
smooth surface is present sloughing may be a more dominant mechanism. If conditions define 
erosion as the dominant detachment mechanism for a biofilm with a rough surface, not only 
will the surface become more smooth, but also the amount of biofilm being eroded and 
returned to the bulk fluid will decrease. The consequent reduction in available substrate may 
result in sloughing, again increasing the biofilm surface roughness. Hence, sloughing and 
erosion might act simultaneously, with a balance being attained with time. It is important to 
note, however, that a rough surface is not exclusive to erosion dominant mechanisms, nor 
sloughing to smooth surfaces (18). The preferred detachment mechanisms will be defined by 
both the media surface or biofilm and fluid properties.
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5.6. Particle Capture
Although transport mechanisms are said to be dominated by physical forces and attachment by 
chemical forces, the distinction between transport and attachment or physical and chemical is 
not clearly defined. Particle attachment can be defined by Equation 1 (17):
Effective rate of particle capture=a^£,C....................... Equation 1
where a  = collision efficiency i.e. number of permanent contacts over total number of 
collisions;
kg = particle transport coefficient;
C = particle concentration.
O’Melia (12) gave values of a  for coagulation and flocculation systems in natural lakes 
ranging between the ideal value of 1 (for a completely destabilized system) and 0.001. For 
biological systems the value of a  is likely to range between 0 . 1  to 0 .0 0 1 , where stable particles 
have small a  values. Correlation between theory and models is poorest for systems with low
alpha values, such as systems containing biofilms (17).
The collision efficiency term in Equation 1 may take into consideration the influences of 
biofilms and biological mechanisms, such as the influence of grazing organisms and the effect 
of the ‘sticky’ layer of polysaccharide developed. Biofilm accumulation involves the 
adsorption of suspended particles and also the desorption of such particles and faecal matter. 
Biofilm accumulation can be defined by Equation 2 (34):
accumulation = adsorption + attachment + filtration + growth - detachment - desorption
  Equation 2
Current models determine the collision efficiency through experimental trials, with limited 
consideration being given to biofilm influence in biological systems. Although biofilm models 
have been developed they are again generally very simplified, assuming homogeneous 
biofilms, and hence leading to erroneous results (35).
5.7. Discussion
Harmful pathogens have been found in water distribution systems resulting in disease to the 
consumer and increasing concern regarding the quality and reliability of treated water 
supplies. Slow sand filters have been shown to be a more robust barrier to the penetration of 
such organisms as Giardia lamblia cysts and Cryptosporidium parvum oocysts than chemical 
treatment systems. However even slow sand filters have allowed cysts to pass into the 
distribution lines, generally as a result of poor operational control through the recycling of 
wash water. As a consequence, wash water is no longer recycled, reducing the likelihood of 
cyst penetration through slow sand filter beds.
395
EngD Conference 1996 - Biofîlms, Filtration Theory and Particle Removal
The removal of cysts by slow sand filters is still poorly understood. Research is either 
theoretical or empirical, with neither approach adequately explaining the mechanisms by 
which the organisms are removed. Hence, although measurements of filter effluent may 
shown that particles are not penetrating the system, they do not indicate where the particles 
have gone and what has happened to them, i.e. whether they are still in a potentially harmful 
state or whether they have been inactivated.
The beneficial influence of biological mechanism has long been acknowledged. The biological 
organisms that congregate within the biological layer in the top few centimeters of a slow sand 
filter have been reported to graze on and breakdown many potentially harmful organisms, such 
as bacteria, viruses and other organic matter. The influence of biological mechanisms deeper 
in the bed in not so well understood, in particular the influence of biofilms on particle removal. 
What is generally agreed, but not well reported, is the fact that the particles loading the filter 
are likely to have different characteristics to those leaving it. This includes physical, chemical 
and biological characteristics, due to aggregation and flocculation, and biological mechanisms 
such as growth, decay and reproduction.
The majority of particle removal within biological filters has been related to traditional 
filtration theory which considers the physical and chemical mechanisms that bring about 
particle removal. The impact of biofilms and biological mechanisms on particle removal and/ 
or inactivation has not been sufficiently researched. Interactions between chemical, physical 
and biological mechanisms is bound to occur, with each influencing the others impact on the 
particle removal efficiency. Such interactions should not be overlooked. The increased filter 
efficiency with time has been explained from both a physical and biological view point. 
Physically, previously deposited particles may act as collectors, hence increasing the total 
available collector surface area. From a biological stance, the development and maturation of 
biofilms increases the biological activity within the filter bed, resulting in increased particle 
capture and break down.
The removal of pathogens within a biological filter bed is of obvious importance. Although 
present day research may demonstrate removal, it has limitations in the information it can 
supply regarding the influence on the pathogen’s properties, such as whether it has been 
inactivated or is still of potential harm. Such organisms as Giardia cysts and Cryptosporidium 
oocysts may be removed within the filter bed but it is still unknown whether they are rendered 
harmless, and if not whether the cleaning process is adequate in order to ensure that the cysts 
are not returned to the bed.
Research is required to answer the above problems. It is necessary to ensure that organisms 
have been successfully removed or rendered harmless. It is also necessary to be able to 
guarantee that the operational procedures are sufficient to prevent particle penetration or the 
recycling, and hence possible concentration, of harmful organisms. By increasing our 
understanding of filtration mechanisms we can ensure a safe and reliable water quality and 
supply. The combined consideration of physical, chemical and biological characteristics may
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help to explain current discrepancies between theory and practice. For example, O’Melia (12) 
stated that theory under-predicts particle attachment where repulsive electrostatic forces are 
involved, and conversely over-predicts attachment under favourable conditions. The 
investigation of the influence of active biofilms on particle removal may help to explain some 
of these discrepancies. O’Melia (12) also stated that repulsive forces played a more important 
role on the attachment efficiency of submicron particles. If the submicron particles considered 
were biological in origin, and if a mature filter was considered, the influence of extracellular 
polymers may assist in counteracting the influence of such electrical forces.
An awareness of the influence of biofilms and other filtration mechanism on particle removal 
and/ or inactivation may help us to understand why certain particles are preferentially removed 
whilst others penetrate the system. Such information may encourage modifications to 
biological filters in order to increase their efficiency, such as increasing flow rate, filter run 
time and water quality. This is of increasing interest to industrialised nations, where stricter 
legislation and limits on plant size due to land costs, are forcing continual improvements in 
filter performance.
5.8. Conclusion
There is limited knowledge regarding the changing properties and final destination of particles 
removed within biological filters. More detailed work to investigate the mechanisms acting 
within the interstitial pores, both on clean and mature beds, is required in order to increase our 
understanding of the interactive mechanisms occurring within biological filters. Such 
investigations should be related to both traditional filtration theory and current knowledge 
regarding biofilm mechanisms, in order to gain an insight into the interaction between such 
mechanisms. This will aid in increasing awareness and confidence in the removal and/ or 
inactivation of pathogenic organisms within biological filters.
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1.1. General description of prefilter units
Three gravel prefilters in series with different sized media are proposed. The first prefilter 
should contain 40mm nominal diameter gravel, the second 20mm nominal diameter gravel and 
the third 10mm nominal diameter gravel. All media is to BS gradings.
The operational standards discussed below are based on past research on a multi-stage 
filtration pilot plant, gravel prefilters, which were operated at a flow rate of 0 . 6  m/hr.
Different media gradings may be more appropriate for the system under consideration due to 
lower turbidity loadings. Trials may also demonstrate that greater flow rates may be more 
efficient.
Tanks should ideally be covered to protect a 10cm depth of water between the top of the gravel 
layer and the overflow into the outlet weir of each tank. The reduction in flow rate in this 
section encourages further sedimentation of particles on the surface of the media. If the 
prefilters cannot be covered it may be preferable to fill the tank full of gravel, in order to 
discourage birds from fouling the partially treated water.
More details of the prefilter design are given in Figures 1 to 4, attached in Appendix I.
1.2. Capex
To be determined based on standard company procedures.
If a pilot trial is deemed appropriate it is suggested that the OXFAM TIO tanks be used. These 
have been adapted to incorporate an underdrain structure similar to the full scale plant 
proposed. The tanks are 8 ’6 ” in diameter and hold a total volume of 10000 litres. Approximate 
costs are detailed below.
TIO tanks = £1100 for 3 outlet tank, £1150 for 4 outlet tank;
Underdrain support structure = £625;
Extra layer of corrugated support sheet (probably necessary to support Im depth 
of gravel) = £250;
Extra valves = £25.
All prices are approximate. TIO tanks come with all necessary fittings, are easy and quick to 
construct and take down.
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1.3. Opex
Initially the plant should be checked weekly. If environmental conditions are extreme (e.g. 
high turbidity loading, algal blooms, extreme temperatures) it may be necessary to increase the 
frequency of the visits. The frequency of visits should be reviewed in the light of operational 
experience in order to assess whether it may be reduced.
No chemicals required.
Consumables consist of wash water only. Gravel may be replaced on an annual basis if it 
proves to be a more suitable option than washing the gravel. A new for old exchange may be 
the most cost effective maintenance procedure, bearing in mind the relatively low labour 
element in the total operation. Dirty gravel will require disposal, but may have a residual value 
as hard core or blinding material. If the prefilters are emptied mechanically care should be 
taken to prevent damage to the underdrain slabs. It may be advantageous to have spare slabs 
prepared in case any are broken during the cleaning out process, in order to minimise down 
time.
Power consumption is required to pump raw water to header tank to give sufficient head to 
drive the rest of the treatment system. The pumps will need to pump greater than 1.3 Mid on a 
continuous basis. Pumps will obviously require maintenance and, presumably, multiple pumps 
with a duty/stand-by provision will be required. A smart control system for pump switchover 
and malfunction warning will be required connecting to a central processor.
1.4. Cost perm
To be determined based on standard company disposition of CAPEX and OPEX costs. 
Extensive research work over the years has pointed to the need to determine tank sizes and 
operational requirements based on pilot plant tests. It is possible that substantial savings in 
CAPEX costs could be achieved if pilot plant testing were to reveal the potential to increase 
filtration rates for the specific raw water of the plant. Finer gradings of media may be more 
appropriate due to the lower turbidity of the raw water compared to that on which previous 
research work has operated. The lower turbidity loadings and different media gradings may 
make higher filtration rates more suitable. Bearing in mind this is a new pre-treatment unit 
process it might be considered advisable to include a 2 0 % contingency item.
1.5. Particle size removal
A single gravel prefilter has proved capable of removing all particles greater than 30|im. A 
series of three gravel prefilters with gradings as proposed have removed the majority of 
particles greater than 8 |im, and significantly reduced particles down to 0 .6 pm within the
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limitations of the particle detection method employed (Coulter counter).
1.6. Turbidity removal
A series of three gravel prefilters with gradings as proposed have routinely yielded overall 
turbidity reductions of between 60 to 76% and, on occasions, significantly higher. However, 
indications are that the raw water for this plant has a typical turbidity far lower than that 
experienced in recent experimental work, where raw water turbidity averaged approximately 
lONTU.
1.7. Solids removal capacity
A series of three gravel prefilters with gradings as proposed have yielded overall suspended 
solids reductions of between 77 to 8 6 %. Average raw water loading was lOmg/1.
1.8. Particle physiology
All types of particles including mineral, fæcal coliform bacteria and viruses (bacteriophage 
tests).
1.9. Percentage Backwash
up to 2 0 0 % of tank volume per annum (batch cleaning on a single tank per day basis). 
Cleaning should be staged in order to minimise disruption to plant operation.
1.10. Downtime
Up to 48hrs per tank in one year period. All other tanks would remain in operation. Planning 
of the timing of the cleaning process should enable the plant to remain fully operational.
1.11. Waste water disposal
Sedimentation tank then decanting of water to local water courses. Annual sludge removal off- 
site, possible use as soil enhancer.
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1.12. DWI approval status
No, though similar in principle to slow sand filters.
1.13. Maintenance/reliability
1.13.1. Mechanical
The prefilter units require minimal mechanical maintenance. The majority of the system will 
be operated under gravity. Pumps will be required to pump the raw water into a header tank, 
which will then feed the prefilter system under gravity. Multiple pumps with a duty/stand-by 
provision and a smart control system for pump switchover and malfunction warning will 
required connecting to a central processor. Provision for planned maintenance will be 
required, possibly involving pump removal.
1.13.2. Water quality
During peak turbidity loadings, more frequent cleaning may be required in order to prevent 
particle breakthrough. However, due to the multi-stage arrangement of the prefilters, they are 
able to progressively attenuate high turbidity loadings. Under normal conditions there is only a 
slight improvement in chemical water quality, although there are significant improvements in 
physical and biological characteristics (NTU, SS, biological, particle size distribution).
1.14. Number of treatment stages
Three stages of préfiltration are recommended, in order to give maximum protection against 
particle breakthrough and damping of flash loadings. Different gradings of gravel should be 
used in each prefilter. Gradings of 40mm nominal diameter, 20mm nominal diameter and 
10mm nominal diameter gravel are suggested. Due to the low turbidity of the raw water it may 
be more appropriate to use finer gradings of media. Trials on a pilot plant basis may be 
expedient in order to achieve maximum efficiency and potentially allow for greater flow rates.
1.15. Plant footprint
It is recommended that two runs of three stage prefilters be used. For a flow rate at 0.6m/hr 
through each bed an overall footprint required for the six beds is 270m^ This area could be 
reduced if initial trials demonstrated that higher flow rates might be used. Two parallel runs of 
prefilters will give added flexibility during cleaning or maintenance.
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1.16. Biological rating
The prefilters have shown the ability to reduce microbial population. A series of three gravel 
prefilters with gradings as proposed have yielded overall 75 to 88% reductions in fæcal 
coliforms.
^ Footprint dimensions are given for different flow rates and different numbers of parallel 
prefilter units in Appendix H.
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Appendix I
Schematics of gravel prefilter:
• Figure 1 Cross-section of prefilter
• Figure 2 Profile of prefilter layout
• Figure 3 Plan view showing layout of prefilters and valve positions
• Figure 4 Sedimentation tank
Cover
Gravel media
Inlet
Wash water outlets
Outlet
~0.4m
~lm
-0.4m
9m
Figure 1 Cross section of prefilter
Notes for Figure 1
• All pipes 3” diameters
• Not to scale
• Washwater outlets should be placed along the outside wall at separations of Im to 2m. The 
floor of each tank should be rendered in order to prevent pooling during cleaning. Declines 
towards the outlet valves will maximise the efficiency of cleaning.
• Marks should be made on the tank walls to inform the person responsible for digging out 
the gravel the distance to the top of the underdrain support slabs.
• If concrete underdrain slabs are to be used it is recommended that tapered slots are used in 
order to prevent gravel from trapping in the slots. The top of the underdrain slab support 
columns should be covered by a thin layer of packing of light mortar in order to give a good 
contact to the slabs.
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40mm graded: 
gravel ; 20mm graded^
10mm graded#
Break
TankTo membrage filter via pump
Figure 2 Profile of prefilter layout
Notes for Figure 2
• All pipes 3” diameters
• Not to scale
• A drop of approximately 1 ’ is necessary between prefilter units in order for flows to be 
maintained under gravity.
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PFl PF2 PF3
To break 
tank
Figure 3 Plan view showing layout of prefilters and 
valve positions
Notes for Figure 3
• All pipes 3” diameters
• Not to scale
• The above layout will allow for each prefilter to be isolated, in addition to allowing the
operating filters to be re-routed. For example, if PF2 is being cleaned, the effluent from PFs
1 and 4 may both be directed through PF5 by closing valve 2 and opening valve 7. The 
effluent from PF5 can then be split between PFs 3 and 6  by opening valve 8 .
• It is recommended that the tanks be long and narrow. This is in order to ensure that if a grab 
lorry is used to place or remove gravel, the tanks are not wider than the reach of the 
grabber. Care should also be taken to ensure that the foundations of the tank will not be 
disturbed due to the weight and movement of vehicular activity.
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Bleed valve
Waste Water 
<---------
Sludge deposi
Optional dirty 
gravel storage
Figure 4 Sedimentation tank
Notes for Figure 4
• All pipes 3” diameters
• Not to scale
• Sedimentation tanks are to be designed to hold a minimum of two washes, i.e. the tank 
volume should be approximately 45m^.
• The outlets on the side of the tank are to drain the waste water after the sludge has settled in 
the tank (say 48hrs minimum).
• The sedimentation tank should be constructed with consideration given to access for 
cleaning vehicles/equipment. If a grabber lorry is to be used the width of the tank should 
not be wider than the reach of the grabber.
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Appendix II
Calculations for land requirement depending on number of units and flow rates.
Required output = 1.3 Ml/d = 54.17 mS/hr
Row rate =
Surface area required =
0.6 m/hr 
90.28 m2
Row rate =
Surface area required =
1.2 m/hr 
45.14 m2
No. tanks 
each grade
Area each 
tank(m2)
Tank dimensions 
square{m)
1 90.3 9.5
2 45.1 6.7
3 30.1 5.5
4 22.6 4.8
5 18.1 4.2
Row rate = 1 m/hr
Surface area required = 54.17 m2
No. tanks Area each Tank dimensions
each grade tank(m2) square{m)
2 27.1 5.2
3 18.1 4.2
4 13.5 3.7
5 10.8 3.3
6 9.0 3.0
No. tanks Area each Tank dimensions
each grade tank(m2) square(m)
2 22.6 4.8
3 15.0 3.9
4 11.3 3.4
5 9.0 3.0
6 7.5 2.7
Row rate = 1.5 m/hr
Surface area required = 36.11 m2
No. tanks Area each Tank dimensions
each grade tank(m2) square(m)
2 18.1 4.2
3 12.0 3.5
4 9.0 3.0
5 7.2 2.7
6 6.0 2.5
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2.2. Introduction
The following report discusses research work carried out in St. Lucia, West Indies in 
conjunction with the Centre for Environmental Health and Engineering, University of Surrey, 
Great Britain and the Water And Sewerage Authority (WASA), St. Lucia, during the period of 
the 21^  ^July to the 3^  ^October 1993. It is intended as an introduction to research carried out as 
part of the requirements for the fulfilment of the Doctor of Engineering course in 
Environmental Technology funded by the Science and Engineering Research Council (SERC) 
and sponsored by Thames Water Pic., Great Britain. In addition the Rama Krishnan bursary 
has been awarded to supplement overseas research work.
Much of the information contained in this report was collected by word of mouth. There is not 
written evidence to confirm all of the information. However, due to the limited time available 
this was believed to be the best means available for obtaining information and an 
understanding of the management of St. Lucia’s water supply.
This first period allowed a general understanding to be gained of the water treatment processes 
employed by WASA and some of the problems that are encountered. During the ten weeks 
visits were made to three of the five slow sand filtration plants and their intakes and one 
chemical treatment plant. The layouts and operational problems of the three slow sand 
filtration plants have been discussed below.
Initial research was concerned with monitoring the water quality through a multi-stage 
filtration plant. In order to avoid affecting the water supplies of St. Lucia, a pilot plant system 
was constructed at the Dennery water treatment plant. This pilot plant was composed of two 
stages of prefiltration and one stage of slow sand filtration. Turbidity and faecal coliform were 
monitored for the raw water, after each stage of prefiltration and for the treated water.
2.3. General Introduction to WASA
St. Lucia has thirty-nine treatment plants of which five are slow sand filtration plants 
(Dennery, Micoud, Delcer, Anse-la Raye and Canaries), four are chemical treatment plants 
and the remainder either have minimal sedimentation prior to chlorination or simply chlorine 
disinfection.
The majority of the raw water is abstracted from surface water sources although there are also 
several spring sources which are treated by chlorine disinfection only.
A dam is presently under construction at Roseau. The water will be treated at a new chemical 
treatment plant based at Ciceron. This plant currently has the capacity to treat 22 Mega Litres 
(Ml) of water per day although presently 4 to 16 Ml are treated daily. Provision has been made 
to allow for the expansion of the plant in order to increase it’s treatment capacity.
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Presently, approximately 93% of St. Lucians have access to a treated water supply and 65% of 
those have their own piped supply. Only 7% of households do not use the public water supply. 
WASA aims to be able to supply all of St. Lucia with private supplies within the next few 
years. This is not only for health related reasons but also due to governmental pressure to 
reduce the number of government funded stand pipe supplies. The remoteness of some of the 
houses will make this an arduous task.
WASA is faced by many problems in the treating of the raw water. One of these problems is 
due to chemical pollution of the raw water. St. Lucia’s main source of income is from banana 
exportation. As banana production is forced to expand the amount of herbicides and pesticides 
being leached into the rivers is increased. The growth of the banana plantations is of major 
concern to WASA since they are continually extending above the raw water intakes. Even the 
intakes high in the rain forest are accessible to employees carrying spray packs on their backs. 
The government is aware of the problem. The majority of the rain-forest in the centre of the 
island is protected. However it is still necessary to be aware of increasing chemical pollution. 
Some of the more common herbicides in use in St. Lucia are Talent, Roundup and 
Gramoxone. In total about nine varieties of fungicides, sixteen herbicides and nineteen 
insecticides are used at different times of the year (Hammerton, 1985a).
Chemical pollution is not the only problem caused by the banana plantations. The removal of 
the surface cover induces soil erosion. Silt build up at the intakes occurs requiring constant 
monitoring and cleaning and leads to a reduction in the raw water turbidity quality. Of the five 
slow sand filtration plants (Dennery, Micoud, Delcer, Anse-la Raye and Canaries) only 
Dennery has any prefiltration facilities. Large variations and high peaks in turbidity levels in 
the raw water brought about by heavy rain result in many treatment plants having to be shut 
down or bypassed until the turbidity levels fall. The disruption to the water supply often forces 
locals to resort to using untreated water. Another concern is the disruption of the treatment 
process. Maintaining a continuous flow of water is vital for effective biological treatment in 
slow sand filtration plants.
Much of St. Lucia’s water supply is treated by disinfection only. This applies to both spring 
and surface water sources. The surface water sources are often chlorinated near to the intake, 
hence higher levels of chlorine are required due to the increased time of the treated water 
being in the distribution pipes. Water sources treated only by chlorine disinfection are again 
affected by high turbidity. The World Health Organisation (WHO) guidelines recommend that 
for efficient disinfection, turbidity values should be kept below 1 NTU (Nephelometric 
Turbidity Units). Water supplies with turbidities above 1 NTU are likely not to be effectively 
disinfected before they reach the end of the distribution system. Again it was said that these 
plants are bypassed during times of high turbidity.
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Figure 1 Map of St. Lucia
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In order to monitor the water quality in the distribution system WASA has divided St. Lucia 
into three sampling zones:
Zone A - Castries and surrounding area
Zone B - East coast
Zone C - West coast
Samples are collected daily from Zone A and approximately twice a week from Zones B and 
C. Chlorine residual tests are carried out with some samples taken back to the laboratory at 
Ciceron for further analysis. Bacteriological analysis is carried out on samples with low 
chlorine residuals, limited chemical analysis is also carried out. Collecting the samples is 
dependent on the samplers and drivers being at work and vehicles being available. Several 
days samples have been lost during this ten week period due to vehicle breakdowns. No stand­
by vehicles are available.
Recently WASA has concentrated on obtaining a more literate staff to enable better report 
keeping and a better understanding of the treatment processes employed. However, poor 
education and lack of resources (both financial and material) cause continuing problems for 
WASA.
2.4. Introduction to Slow Sand Filtration Plants
As has been mentioned, St. Lucia has five slow sand filtration plants: Dennery, Micoud, 
Delcer, Anse-la Raye and Canaries. Of these plants visits were made to Dennery, Micoud and 
Delcer and their respective intakes. The majority of the research work was based at Dennery 
treatment plant where a pilot plant was established with the possibility of extending the 
research to some of the other filtration plants at a later date. The water at these plants is treated 
by slow sand filters followed by chlorine disinfection. Dennery is the only plant to have 
prefilters.
A brief description of the plants and intakes visited, their problems and their management shall 
be discussed below.
2.4.1. Micoud Intake and Water Treatment Plant
Micoud intake is situated at Mahaut in the rain forest at an elevation of 227m. There is no 
screen on the intake pipe, the reason given being that the height of the pipe above the river bed 
is adequate to prevent the entry of silt and debris. The intake is approximately ten meters wide 
and inspected once or twice a week by the caretaker. It is the caretakers job to maintain the 
area surrounding the intake and to report to the zone supervisor any relevant information 
referring to cleaning and repairs.
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The water is gravity fed to a brick storage tank where it feeds to the Micoud water treatment 
plant. The brick tank was constructed in order to reduce the pressure going to the slow sand 
filters at Micoud which would otherwise have caused damage to the filters.
At the treatment plant there are two covered slow sand filter units with flow control chambers. 
The two filters run at different rates. The first filter supplies the town of Micoud where the 
demand is greater requiring a higher flow rate, the second supplies a more scattered and sparse 
population. Chlorine disinfection is the last stage of the treatment process with a dosage of 
approximately 1.5 to 1.6 mg/1.
Figure 2 Micoud Water Treatment Plant (Inflow chamber in foreground 
followed by flow control chambers and slow sand filter units)
It was said that Micoud operates with turbidities as great as 60 NTU, even though there is no 
form of pretreatment. The WHO guidelines recommend that the maximum turbidity loading 
on a SSF should not exceed 15 NTU. It is extremely unlikely that the filters would be able to 
run adequately with such high turbidity loadings.
During the visit it was noticed that there is a lack of sand in both filter beds. As at Dennery, no 
sand washing facilities are available and problems have occurred due to sand not being 
replaced after skimming, leaving inadequate depths of sand. A sand sifting machine is situated 
at the plant but it is unknown whether it is in working condition.
Another noticeable factor is the lack of attention placed on the security and general 
maintenance of the plant. The fence surrounding the plant is broken, several goats and poultry 
were seen in the grounds during the visit. No sand storage facilities are available. New sand 
had been thrown on the ground where weeds had taken root. Weeds cover much of the site.
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2.4.2. Delcer Intake and Water Treatment Plant
At an elevation of 229 m, the Delcer intake is 
much smaller than that of the Micoud 
treatment plant. Great problems occur with 
siltation, requiring frequent cleaning. The 
intake is inspected by a caretaker two or three 
times a week. The caretaker reports any 
problems and necessary maintenance jobs to 
the zone supervisor.
A side gully with a very simple wooden, “v” 
notch weir reduces silt at the intake pipe. The 
pipe is raised above the bed level and is 
covered by a mesh screen box. A weir is to be 
constructed at the end of the gully in order to 
supply irrigation water to the local farmers.
Water for treatment will always have priority 
during times of limited supply.
The raw water is gravity fed from the intake 
to the treatment plant and divided between 
five slow sand filter units. The two oldest 
filter beds are housed in one building and the 
remaining three are housed in the second 
building. Both buildings are covered by an
open roof. All of the filter beds have flow control. The water leaving the units enters a storage 
tank where it is chlorinated.
Figure 3 Delcer Intake (“v” notch weir intake 
control, note silt build up and cloudiness of 
raw water)
Figure 4 Delcer Water Treatment Plant (Two old slow sand filter beds in foreground 
with inflow and flow control chambers.Storage tank and new units in background.)
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Due to the absence of pretreatment facilities, Delcer plant is run only up to turbidities of about 
5 NTU after which clogging of the filters occurs. Valves are missing from the older slow sand 
filter unit causing problems when draining the beds (valves are on order).
Security of the site is absent apart from an unlocked gate leading up a ramp to the newer of the 
units. An attempt has been made to prevent birds from entering the first unit by covering it 
with a net. This however is broken on three sides.
Several natural spring sources are located near Delcer. These are treated by chlorine gas. The 
covers are insecure and open to vandalism, new secure covers are being made.
2.4.3. Dennery Zone Intakes and Water Treatment Plant
Dennery treatment plant and surrounding area is maintained by four gentlemen, Elliod Allcid 
the supervisor along with three site staff. These gentlemen maintain five intakes with their 
relevant storage tanks as well as the Dennery water treatment plant. The intakes are at 
Thomazo, Au Leon, Demiere Riviere (of which there are two intake points) and Dennery. All 
five intakes are surface water sources situated in the rain forest and inaccessible by vehicles. 
During this period visits were made to all five intakes. General cleaning work was carried out 
to remove silt build up and to clean the metal mesh screens used to protect the intake pipes. 
This involved draining down the reservoir through one or two wash out pipes (minimum size 
being 6 ” diameter) and then removing the silt and debris that had accumulated. It was 
mentioned that after heavy rainfall some of the intakes are completely filled with silt.
The design of each of the five intakes are very similar. A small concrete dam wall built across 
the forest stream maintains an adequate depth of water. The flow is controlled over the dam by 
a small weir built near to the centre of the construction. The intake pipe is laid either directly 
into the reservoir or into a side channel. Generally the intake pipes are protected by a screen. 
The mouth of the intake pipes drawing raw water directly from the reservoir are covered by a 
metal mesh cage. Side channel intakes consist of a concrete chamber with the side facing the 
reservoir being interspersed with holes. This face is covered by a wire mesh held in place by 
large stones. The mesh used has V2 ” squares.
Below is a description of each of the intakes under the supervision of Mr. Allcid:-
2.4.3.I. Thomazo Intake
This is the smallest of the intakes. The raw water undergoes limited settlement by passing 
through a settlement chamber. The retention time of this chamber is inadequate, being much 
less than two hours. The water is chlorinated during pumping to the reservoir.
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The pump station is situated near the intake. Chlorine cylinders are stored in a secure and 
locked hut. Both the chlorine hut and settlement tank are surrounded by a perimeter fence 
which is broken and gives no form of security. An opening has been made in the pipe between 
the settlement tank and the pumping system to allow for chlorination by tablets. This is a 
possible source for vandalism.
2.4.3.2. Au Leon Intake
This intake in particular, is 
prone to large quantities of silt 
and debris, including coconut 
shells which are discarded 
from works upstream of the 
intake. There are two intake 
pipes, the first draws water 
directly from the reservoir, the 
mouth of the pipe being 
protected by a screen cage. The 
second pipe takes water from a 
side chamber, a screen covers 
the holes in the wall which 
allow the water to flow into the 
chamber. Stones are used to 
hold this screen in position. 
The raw water is gravity fed to 
a reservoir tank where it is 
treated by chlorine gas before 
gravitating into the distribution 
system. Problems occur during 
periods of high turbidity.
Several species of crayfish 
were found at the intake, but 
not identified. This is a 
possible indication of good 
water quality.
Figure 5 Au Leon storage tank
The reservoir site is well maintained and securely fenced. The reservoir tank however has 
leakage through one of the metal plate seals, close to the base of the tank.
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2.4.3.3. Derniere Riviere Intake N o.l
The intake pipe draws water from a side 
chamber, a screen covers the holes in the wall 
which allow the water to flow into the 
chamber. The screen is held in position by 
large stones.
A tree had fallen across the intake wall. No 
resulting structural damage was seen, it’s 
removal is dependent on gaining access to a 
chain saw. Cracking and chipping of the 
concrete surface of the dam has occurred on 
the downstream nape, at the weir and along 
the comers and edges of the dam wall.
Banana plants are growing above the intake 
being a possible source of pollution. Crayfish 
and a land crab were found.
The raw water has limited and inadequate 
settlement. Concrete slabs are used to cover 
the settlement chamber. These slabs are not 
properly aligned leaving the chamber 
partially uncovered and open to pollution. A wire mesh covers the inlet and outlet pipes in the 
settlement chamber to prevent large objects from entering the distribution system.
Figure 6  Demiere Riviere Intake No.l
Figure 7 Demiere Riviere Intake, Settlement Chamber
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The water is gravity fed to the reservoir tank which is situated near to the intake. Chlorine gas 
is added to the raw water at the reservoir tank. The chlorine cylinders are stored in a locked 
hut. Both the reservoir tank and chlorine hut are surrounded by a secure fence and locked gate. 
The chlorinated water is then gravity fed into the distribution system.
2.4.3.4. Derniere Riviere Intake No.2
The intake pipe is drawn directly from the reservoir. The raw water is gravity fed to join the 
raw water from Demiere Riviere Intake No.l at the settlement chamber (see Section 3.1.3 for 
further details).
Again banana plants were seen growing near the intake. Crayfish were found in the reservoir.
2.4.3.S. Dennery Intake and Water Treatment Plant
A pipe of 8 ” diameter draws water straight from the reservoir which is situated at an elevation 
of 98 m. The pipe is laid above the stream bed so as to minimise the amount of silt settlement 
in the pipe. Generally the reservoir supplies an adequate head above the pipe to prevent 
blockage by lighter weight objects such as wood and leaves. However the water level does 
drop during dry spells. A metal mesh cage (V2 ” squares) covers the end of the pipe in order to 
prevent large debris from entering.
Banana plants grow close to the intake. On the day of the visit to Dennery intake the raw water 
had a very fine suspension giving it a cloudy white colour.
Figure 8  Dennery Intake
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The Dennery source is fed to the treatment plant under gravity .The plant consists of two 
prefilters along with two slow sand filters and chlorine disinfection. The two upflow prefilters 
have recently been built as part of a Master of Philosophy Degree undertaken by Mr. R. 
Eudovique, Production Engineer for WAS A, under the supervision of Dr. B. Lloyd at the 
Centre for Environmental Health and Engineering.
The prefilters use upflow with varying grades of gravel and sand ranging from 18 mm 
diameter to 1 mm diameter. The coarser gravel was placed at the base of the prefilters. Flow 
rates of 1.4 m/h and 1.3 m/h are maintained.
During the rainy season the prefilters are cleaned daily with one wash down only whilst during 
the dry season they are cleaned two or three times a week with two wash downs. A layer of 
gravel has been placed on the surface of the prefilters to prevent birds from bathing (which 
affects the water’s pH)
Figure 9 Dennery Water Treatment Plant (Covered Slow Sand 
Filters with flow control chambers, upflow Prefilters in background)
The water from each prefilter enters the two slow sand filters which are covered by an open 
roof in order to reduce sun penetration and consequent algal growth. The slow sand filters are 
cleaned between once per month to once per three months depending on the turbidity of the 
water entering the filters. Flow control chambers have been constructed as part of Mr. 
Eudovique’s research.
Dennery possess sand storage facilities which are kept relatively clean although due to no sand 
washing facilities they store dirty sand. General maintenance of the plant is good. Roundup is 
periodically used on the weeds. A fence surrounds the plant with a gate which is locked in the 
evenings, although there is a gap in the fence, large enough for human access.
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Figure 10 Plan of Dennery Water Treatment Plant
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A list of some of the problems occurring at Dennery water treatment plant is given below
1. Raw water
- Low nutrients level causing treatment problems in the slow sand filters due to 
slow maturation of biological layer.
- Very fine, colloidal turbidity.
- Turbidity variations with peaks measured up to 400 NTU.
2. Prefilters
- Flow rates too high (1.3 m^/m^/h and 1.4 m^/m^/h).
- Saturated, require digging out.
- Backwash needs improving, redesign underdrain to give more flow circulation 
and less dirt trap areas.
3. Slow Sand Filters
- Sand too fine, possibly of degradable nature giving pH rise 7->8.
- Construction problem, water leaking through SSF2 wall.
- SSF recommissioned after only 24 hours.
- Sand bed not level in SSFl.
4. No sand washing facilities
Some recommendations for the above problems (and suggestions for future research):-
1. Add slowly degradable organics to increase nutrients level in water. (Try adding say 
coconut husks after second stage of prefiltration in the pilot plant and monitor the effect on the 
water quality.)
2. Prefilters - Construct a third prefilter in series to reduce the flow rate.
- Dig out and clean the prefilters (carry out particle size distribution analysis).
3. Slow sand filters - Change sand to say quartz sand and level the bed.
4. Consider benefits of dynamic filters to reduce turbidity loading of raw water. Construct 
either at intake or on site to allow for better maintenance.
2.5. Dennery Pilot Plant
One of the major problems in the treating of raw water in St. Lucia is due to the large 
variations and peaks in turbidities. This not only affects supplies which are directly chlorinated 
but also supplies treated by slow sand filters. High turbidity loadings cause slow sand filter 
beds to block. WHO guidelines recommend that water to be treated by slow sand filters should 
have turbidities less than 15 NTU.
Out of the five slow sand filter plants in St. Lucia, only Dennery has any form of pretreatment.
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The two upflow prefilters have proved to be effective but very unpredictable.
Many treatment complications occur at Dennery due to the raw water quality. The colloidal 
nature of the turbidity results in low prefiltration efficiencies while difficulties with bacterial 
removal in the slow sand filters are partly due to low nutrient levels, increasing the maturation 
period of the schmutzdecke. It was decided to carry out further research with the aim of 
reducing turbidity loadings on the slow sand filters.
With this aim in mind a multi-stage filtration pilot plant was set up at Dennery treatment plant. 
The original layout design of the pilot plant consisted of three stages of prefilters. However it 
was decided to alter the design to two prefilters in series followed by a slow sand filter. These 
alterations were decided on to allow water quality comparisons to be carried out between the 
pilot plant and the full scale plant at three stages of treatment.
The aim of the research involved determining the optimum flow rates for the prefilters by 
varying their flow rates and monitoring the effects on turbidity and faecal coliform count. 
However many problems have been encountered with the raw water supply which was 
unreliable and generally inadequate.
Figure 11 Dennery Multi stage Filtration Pilot Plant (left to right: Slow 
Sand Filter and two Upflow Prefilters)
Underdrains were designed by Mr. Eudovique prior to the start of this research. Steel sheets 
V4 ” thick were used with holes randomly drilled in them. Table 1 gives the area ratios for each 
of the underdrains. In order to maintain a cavity beneath the underdrains for cleaning and 
drainage purposes, a 0 . 2  meter tall length of pipe was welded to the underside of the sheets to 
act as a central support. The underdrains were protected by rust proof paint.
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Table 1 Underdrain area ratios
Area of Underdrain 
Surface Area of Holes
Area Holes/Total 
Surface Area
P F l 32 ” dia. =  0.519 58 x 2 ” dia. holes= 0.118 0.227
PF2 30 ” dia. =  0.456 82x1 V2” dia. holes= 0.093 0.205
SSF 3 0 .5 ” dia. =  0.471 82x1” dia. holes= 0.042 0.088
Figure 12 Lowering the Underdrain into the SSF Tank.
Stones were collected from Anse Rouvert, a beach situated just North of Dennery on the 
Atlantic coast. These were thoroughly washed and used to support the gravel or sand in the 
tanks. The stones varied in size from approximately 7 cm to 2.5 cm diameter. The size ranges 
and depths of the stones used in each tank is given in Table 2.
The underdrains were covered with a galvanised mesh with V2 ” square holes. This was 
required in order to prevent the drainage holes from becoming blocked by the supporting 
stones and hence reducing the drainage efficiency. The mesh used is expected to have a 
working life of several years before rusting will commence. A minimal amount of rusting 
should not affect results.
Table 2 Supporting Stone Size Range and Depth
Stone size (cm) Depth of Stones (cm)
PFl 7 to 3.5 20
PF2 6 to 3 20
SSF 6 to 2.5 20
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Figure 13 Dennery Multi-stage Filtration Pilot Plant
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The two upflow préfiltration tanks contained 
different grades of gravel. The first tank (PFl) 
had slightly coarser gravel of approximate 
diameter 16 mm and placed to a depth of 0.62 
m, the second tank (PF2) contained gravel of 
size approximating 13 mm diameter placed to a 
depth of 0.72 m.
The slow sand filter was filled to a depth of
0.53 m with sand taken from the full scale slow 
sand filter. The sand had previously been used 
and was extremely dirty, even after many 
washes some silt remained. The five minute silt 
test was not found to be representative of sand 
samples due to the fineness of the sand 
particles.
All three tanks were covered with fitted lids to 
reduce sun penetration and algae growth.
The total amount of construction time spent on 
the pilot plant was 72 man hours.
I
Figure 14 Dennery pilot plant (two gravel 
prefilters and slow sand filter)
2.6. Results
Water samples were taken at four stages through the pilot plant:
1. Raw water
2. After first stage of préfiltration (PFl)
3. After second stage of préfiltration (PF2)
4. After slow sand filtration (SSF)
Turbidity was measured at hourly intervals, generally seven times a day.
Faecal coliform tests were carried out once a day. The membrane-filter method was used with 
lauryl sulfate broth as the media. The last sample of the day was tested, the time between 
sampling and testing for faecal coliform was never longer than one hour.
The flow rate through the slow sand filter varied between 0.16m^/m^/h and O.lm^/m^/h
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The flow through the prefilters varied between 0.5m^/m^/h and 0,lm^/m"^/h,. 3 / ^ 2 /
These flow rates varied due to the unreliability of the raw water supply. Flow rates of 0.16m^/ 
m^/h for the slow sand filter and 0.5m^/m^/h for the prefilters were originally planned with the 
aim of increasing the flow rates at a later stage in the research.
The results obtained with comments are given below.
2.6.1. Turbidity values of Raw, Prefiltered and Slow Sand Filtered Water from 
Dennery Pilot Plant (10^  ^- 30^ ** Sept. 1993)
Date RawWater
After
PFl
After
PF2
After
SSF Comments
10/9/93 23 25 22 24 Varying flow  through
22 22 22 24 prefilters Stabilised at 0 .5m /h
24 22 22 23
27 24 22 24
28 26 23 23
13/9/93 70 66 48 49 H eavy rain over the w eekend
57 62 71 49 and for m ost o f  the day.
54 55 63 55 Backwashed prefilters F low
53 53 57 58 through PFs: 0 .5  m^/m^/h
14/9/93 45 46 56 48 PF2 blocked, unblocked by
43 45 48 50 backwashing. L ow  raw
42 43 45 50 water pressure. V arying flow
42 42 45 48 through prefilters. A t start
4 0 41 43 45 0.385  m^/m^/h, increased to
39 4 0 42 45 OAvc?lvc?lh (valves fu lly
open)
15/9/93 17 18 31 42 V alve into PF2 shut on
16 16 23 39 arrival on site. W ater
16 16 18 27 overflow ing from  P F l hence
15 16 16 22 low er turbidity values.
15 15 16 18 F low  through prefilters:
15 15 15 17 0.4m^/m^/h (valves fu lly
14 14 15 16 open)
432
St. Lucia Report -1993
Date RawWater
After
PFl
After
PF2
After
SSF Comments
16/9/93 8.3 15 14 16 N o  raw water supply over
9.0 7.9 8.6 14 night. P F l drained dow n so
7.3 7.8 7.8 14 fresh water in P F l,
6.3 7.1 7.4 9.2 yesterdays water in PF2 and
6.2 6.0 6.9 8.6 SSF. B ackw ashed prefilters.
6 .0 5.8 6.2 8.1 Increased raw water pressure. 
F low  through Prefilters: 
0.5 n r/m ^ /h
17/9/93 5 .2 5.7 5.3 7.3 N o  raw water supply over
5 .0 4.5 5 .0 6.1 night. First valve shut.
4 .5 4.3 4.5 5.7 yesterdays water in P F l.
4 .2 4.5 4.5 5.3 Varying flow  through
4.1 4.3 4 .6 5.3 prefilters for m ost o f  day.
4 .2
3.9
3.9
3.6
4 .0
3.8
5.0
4 .9
stabilised at 0.5 m^/m^/h
20/9 /93 28 30 2.5 4.7 N o  raw water supply over
28 27 . 15 1.5 past three nights. R aw  water
28 27 24 5.9 pressure problem s. V arying
26 27 25 17 flow s through prefilters. A t 
start 0 .36  m^/m /h  reduced to25 26 27 22
23 25 26 24 0.3 m^/m^/h (va lves fully
24 24 25 25 open)
22/9 /93 4 .9 4.8 4.8 5.1 L ow  raw water pressure.
4 .9 4 .6 4.5 5 .0 Varying flow s through
4.5 4.5 4.4 5 .0 prefilters. A t start flo w  w as
4.8 4.4 4.5 4.7 0 .24  m^/m^/h later reduced to
4 .6 4.5 4.5 5 .0 0 .20  m^/m^/h (va lves fu lly
4 .8
4 .9
4.2
4.4
4.1
4.3
4 .6
5 .0
open)
23/9 /93 4.7 3.9 3.7 4 .0 L ow  raw water pressure.
5 .0 4.1 3.7 4 .0 Varying flow s through
5.0 4.1 3.7 4 .0 prefilters. A t start flo w  w as
5.4 4.3 3.8 3.9 0.15 m^/m^/h later reduced to
5.5 4.3 4 .0 4.3 0.13 m^/m^/h (va lves fu lly
5 .6
5.5
4.5
4.4
4 .0
4 .0
4.1
4.3
open)
24/9 /93 4 .0 3.5 3.7 4.1 L ow  raw water pressure.
4 .0 3.5 3.5 4 .0 Varying flow s through
3.7 3.4 3.5 4 .0 prefilters. A t start flow  w as
3.8 3.5 3.5 4 .0 0.11 m^/m^/h later reduced to
3.8 3.3 3.4 4 .0 0 .10  m^/m^/h (va lves fu lly
3.7
3.9
3.4
3.5
3.3
3.4
4 .0
4 .0
open)
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Date RawWater
After
PFl
After
PF2
After
SSF Comments
27 /9 /93 18 18 16 10 L ow  raw water pressure.
17 17 16 12 Varying flow s through
17 17 16 13 prefilters. A t start flo w  w as
16 16 16 14 0.17 m^/m^/h increased to
0.18 m^/m^/h (valves fu lly
open)
28/9 /93 8.5 9.2 10.0 12 L ow  raw water pressure.
7 .3 9.0 10.0 11 F low  through prefilters;
6 .6 7.3 8.2 10 0.14  m^/m^/h
6.7 7.2 8.2 9.0
6.3 6.9 7.8 9.1
6.1 6.5 7.4 8.0
6 .0 6.4 7.0 7 .6
30/9 /93 7 .2 7.5 9.0 8.9 L ow  raw water pressure.
6.5 7.6 8.6 8.7 F low  through prefilters:
6.1 6.9 7.9 8.5 0 .10  m^/m^/h
6 .0 6.5 7 .6 8.5
6.3 6.5 7 .0 8.4
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2.6.2. Faecal Coliform values of Raw, Prefiltered and Slow Sand Filtered Water 
from Dennery Pilot Plant (10^ ** - 30^ ** Sept. 1993)
Date Raw Water After PFl After PF2 After SSF
14/9/93 spoilt 60 70 52
15/9/93 0 0 0 0
16/9/93 0 0 0 0
17/9/93 0 0 0 0
20/9 /93 0 2 0 2
22/9 /93 0 0 0 0
23/9 /93 0 0 0 0
24/9 /93 0 0 0 0
27 /9 /93 0 0 0 0
28/9 /93 0 0 0 0
30/9 /93 0 0 0 0
2.7. Discussion
2.7.1. Problems encountered during the first pilot plant run.
Many difficulties were encountered during the first pilot plant run. The problems and some of 
their reasons have been discussed below:
1. Raw water pressure varied giving flow rates between 1 m^/m^/h and 0.1 rc?lvc?lh. This 
resulted in unsteady flows through the prefilters. The desired flow of 0.5 m^/m^/h was 
generally not achieved.
2. Problems with low water levels in the full scale clear well resulted in the treatment plant 
being bypassed for six consecutive evenings. No raw water was supplied to the pilot plant 
during this period, disrupting the treatment process. Although due to the design of the pilot 
plant the slow sand filter never went dry the discontinuity of flow would have had an effect on 
the slow sand filter performance.
3. The flow meters did not work (possibly due to the low flow rates obtained). Flows were 
estimated using a one litre measuring cylinder. The inadequate size of the measuring container 
resulted in poor accuracy data.
4. At the start of the first pilot plant run, backwashing of the prefilters was carried out
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relatively frequently (on average every other day). The aim of backwashing is to create an 
environment which will cause the particles that have settled on the gravel to become 
resuspended. The water with suspended particles is allowed to drain quickly to waste under 
gravity by opening the washout valve situated at the base of the tank (Figure 13). Due to the 
frequency of the backwashing the settling period for the particles may have been too short, 
resulting in a suspended solution being passed through the system.and consequent high levels 
of turbidity and faecal coliform in the water.
5. The pilot plant system set up at Dennery can only reduce the turbidity in the raw water if the 
particles are able to settle on the media. Due to the colloidal nature of the raw water the 
prefilters used may not be appropriate. Alternative means may have to be found in order to 
reduce the raw water turbidity.
6 . The sand used in the slow sand filter was not perfectly clean. After the sand was washed 
water was allowed to upflow through it and overflow to the drain to allow some of the silt 
remaining to be removed.
7. Faecal Coliform counts were originally based on 10 ml samples. This was increased to 50 
ml samples on the 20*^  September and further increased to 100 ml samples on the 22"^ 
September. This was due to zero counts having been obtained for the previous four days. 
However rainfall and turbidity was low and zero counts were obtained for the last six samples.
2.7.2. Possible Improvements to the Pilot Plant and Full Scale Plant and Aims for 
Future Research
1. Redesign underdrains: reduce the height of the column supporting the underdrains in order 
to maximise the depth of media in the tanks; use slots instead of holes to increase the 
underdrain surface area ratios and also to reduce the risk of the drainage holes becoming 
blocked.
2. Change the sand in the slow sand filter, for both the pilot plant and full scale plant.
3. Ensure adequate and reliable raw water supply.
4. Maintain steady flows and improve accuracy of flow measurement.
5. Monitor effects on water quality due to varying flows through prefilters.
6 . Set up second pilot plant and monitor water quality after adding nutrients source prior to 
slow sand filter (try coconut husks). Compare with first pilot plant.
7. Build third full scale prefilter to reduce loading rates to below 1 m^/m^/h.
8 . Carry out fine particle analysis on pilot plants.Dig out and analyse particle distribution of 
full scale prefilter 1 .
9. Visit Anse-la Raye and Canaries slow sand filter plants. Cany out surveys of site layouts 
and treatment processes for all slow sand filter plants.
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2.7.3. Discussion of Pilot Plant Results
One difficulty with deciphering the results obtained is that due to the time delay through the 
plant, the results recorded at a specific time cannot be compared. Once a steady and reliable 
flow is achieved it will be possible to compare accurately the raw water flow and the 
pretreated water quality by determining the time taken for a sample of water to pass through 
the tanks.
The raw water quality with respect to bacteria proved to be very good. This was not a benefit 
for research purposes, zero faecal coliform counts being obtained on nine out of eleven test 
days. The only positive results found were on the 14* and 20* September. On the 14* 
September the faecal coliforms increased between the two prefilter tanks then decreased 
through the slow sand filter whilst on the 20* September faecal coliforms were found in the 
first prefilter and in the slow sand filter.
Generally prefilters are required to reduce the turbidity loadings in order to allow more 
efficient secondary treatment. They also play an important role in the reduction in the number 
of bacteria. Slow Sand Filters further reduce the turbidity loadings and bacteria numbers in 
order to achieve an acceptable level for either distribution to the customer or for chlorination 
(tertiary treatment). However on the 20* September an increase in bacteria was seen in the 
slow sand filter which should not be expected. Some reduction in the faecal coliform count 
was seen on the 14* September.
The poor bacteria removal performance of the slow sand filter may be partly due to the limited 
maturation time allowed for the zoogleal layer. However even after one week faecal coliforms 
were found in the treated water. The raw water supply had been interrupted for the previous 
three nights which would have affected the slow sand filter performance. The surface of the 
sand in the slow sand filter did not have a definite dark appearance, often representative of a 
biological layer. Due to the limited number of positive results, no definite conclusions can be 
drawn.
Turbidity values were fairly low over the ten week sampling period. The raw water turbidity 
ranged between 70 NTU to 2.5 NTU with an average value of 15.4 NTU. The average 
turbidity after each stage of pretreatment was 15.2 NTU, the first prefilter ranging between 
values of 6 6  NTU and 3.3 NTU while the second ranged between 71 NTU and 3.3 NTU. The 
average turbidity after the slow sand filter was 15.5 NTU, the range being 58 NTU to 1.5 
NTU. These averaged turbidities were of approximately the same value suggesting poor 
performance of the plant. In fact the average turbidity after the slow sand filter is greater than 
that for the raw water. Out of the thirteen days of sampling only for three days did the turbidity 
decrease after the slow sand filter.
There are several explanations. Firstly the sand used in the slow sand filter contained a certain 
amount of silt. This may have increased the turbidity of the final treated water. It has also been
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suggested that the sand used is of a degradable nature. Another factor to consider is the fact 
that the raw water flow rate was varying and frequently interrupted. This would impede the 
maturation of a biological layer on the surface of the sand. However this would have been of 
major effect to the slow sand filter’s biological performance and not the physical performance 
concerned with turbidity removal.
In the case of the prefilters, on comparing the average turbidity values for each sampling day it 
can be seen that the turbidity decreased for only five out of the thirteen sampling days. This 
occurred towards the end of the test period. For six out of the first seven sampling days the 
turbidity increased. This may have been caused by too frequent backwashing, resulting in 
insufficient settling time for the particles. Later samples taken between the 20* and 27* 
September show a slight reduction in turbidity, although turbidity levels often increased 
through the slow sand filter.
The flow rate through the prefilters was originally set at 0.5 m /^m /^h. This fluctuated between
0.5 m /^m /^h and 0.4 m /^m /^h for the first five sampling days, the flow then gradually slowed 
to a minimum value of approximately 0.1 m /^m /^h. It was during flow rates of less than 0.2 
m /^m /^h that turbidity reduction in the prefilters was found. However the last two sampling 
days had flow rates below 0.14 m /^m /^h and an increase in turbidity again occurred. Hence the 
reduction in turbidity cannot be associated with the very low flow rates.
As can be seen, no reliable trend can be found from the results. These reasons have been 
mentioned above and will be considered during the next research period.
2.8. Conclusions
Many problems face WASA, partly brought about by lack of resources and education. One 
major problem is the lack of communication and poor record keeping. Workshops and 
standard survey forms may help to overcome these problems resulting in a much more 
efficient organisation.
Although the results obtained from the pilot plant have not been favourable, this first period 
has been invaluable in order to gain a better understanding of the problems arising during the 
treatment of Dennery’s water. The colloidal nature and peak variation of the turbidity, low 
bacterial numbers and unreliable raw water supply all constitute towards the problems needing 
to be solved.
In the next period the sand will be changed in the slow sand filter for both the pilot plant and 
the full scale plant. Water quality comparisons are to be carried out at stages through the 
treatment process. It is of utmost importance to be able to obtain a reliable water supply to 
allow steady flow rates through the pilot plant. More accurate monitoring must be carried out.
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It is necessary to determine the limits of this research’s capabilities and from the results decide 
on an appropriate means of water treatment for the site under consideration. It is hoped that 
time will allow both treatment process and the site layout surveys to be carried out on all slow 
sand filtration plants in St. Lucia.
The problems that arose during the ten week period could not be adequately addressed in the 
limited time available. Although the pilot plant did not achieve the required standards it is 
believed that with more time and further research many of the problems can be addressed and 
possible solutions found.
2.9. References
Hammerton J.L. & Reid E.D. (1985) Agrochemical in St. Lucia - An overview^ CARDI/ 
WIBGA, St. Lucia.- St. Lucia 1993
439
Colombia Report -1994
Section 3
CINARA, Colombia Report -1994
April to May 1994
Submitted by:
Helen Evans
for
Thames Water Rama Krishnan Award
&
Engineering Doctorate in Environmental Technology
440
Colombia Report -1994
3.1. Acknowledgements
Many thanks to all at CINARA. Their time, patience and humour made my trip not only a 
wonderful, educational experience but also a most enjoyable, social and cultural experience. 
One that I shall never forget.
Special thanks go to Maria Del Carmen, Nico, Javier and Camilo from Puerto Mallarino, who 
taught me many things to do with the Colombian culture and lifestyle!
Also special thanks to everyone at Universidad Del Valle, their patience and forbearance with 
my attempts to speak Spanish was greatly appreciated. My admiration goes to all those who I 
had the privilege to work with, for managing to explain so much to one so ignorant in their 
language, especially Louis Alfonso, Alvaro Espinosa and Cesar.
Finally, my gratitude to Clara Correa without whom I would never have survived my visit. 
Edgar and Martha Quiroga for making me feel so welcome. Last but not least Gerardo Galvis, 
for allowing me the opportunity to visit CINARA and to experience some of the many 
wonders of Colombia.
441
Colombia Report -1994
3.2. Introduction
3.2.1. Colombia
Colombia covers an area of about 1,140,000 square kilometres, roughly equal to the combined 
area of France, Spain and Portugal. It is the only country in South America with coastlines on 
both the Pacific (1350 km) and Atlantic (over 1600km).
Colombia is an extremely diverse and complicated country. Due to its history, many different 
cultures and races have been brought together. Different cultures have combined, but have 
managed to retain their individual identities. Negroes, Indians, Spanish, Europeans 
intermingle to give an interesting and colourful contrast of cultures. The result is that about 
75% of the population is of mixed blood, 50% to 55% being of European-Indian blood and 
15% to 20% of European-Negro blood, some Negro-Indian blood also being present. The rest 
consists of whites (mainly of Spanish origins), blacks or Indians.
Enhancing the diversity of Colombia is it’s geography. The western part of Colombia is 
dominated by three mountain ranges, covering about 45% of the country: the Cordillera 
Occidental, Cordillera Central and Cordillera Oriental. These mountain ranges commence in 
the south where the Cordillera de los Andes splits into the three ranges which then fan north. 
The ranges divide the country into peaks and valleys, making communication between 
different regions extremely difficult. However in contrast to the mountain ranges in the west, 
the eastern part of Colombia is a vast lowland, consisting of a savannah in the north and a 
tropical jungle region in the south.
The Colombian ecosystem is distinguished by its high productivity, biodiversity, fragility and 
cultural significance. In the last 50 years, social and economic changes have greatly affected 
the environment. Deforestation, loss of biodiversity, contamination of water sources, 
degradation and contamination of the soil and atmosphere have occurred. This is mainly due to 
the problems of erosion, industrial and domestic waste, agricultural and mining pollution and 
oil pollution caused during the extraction process and by terrorist attacks.
The biological, geological, climatic, socio-economic and ecosystem variety enhance the 
mysterious qualities of this enthralling land.
3.2.2. Population and Water Supply
Population density varies greatly throughout the country, approximately 90% of the 
population living in the Andean and coastal regions. This is mainly as a result of the 
geography and history of the country. Colombia is composed of 1033 municipalities, 
containing four large cities (greater than 1 million habitants): Bogota, Medellin, Cali and
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Barranquilla. Out of 32 departments in Colombia, only five to eight cities have good quality 
water supplies, or to put it in terms of population, only 18 million Colombians out of a total 
population of approximately 33 million, have access to good quality water. This does not 
necessarily mean that quantity and coverage in these areas is adequate. It is estimated that 85% 
of Colombians are connected to a water mains supply, whether they receive water or not is 
another question.
A survey carried out by the DNP (Plan de Desarrollo Economic y Social, 1990-1994), 
estimated that 6 6 % of the population in Colombia have potable water coverage and about 51% 
have waste water coverage. However, coverage of rural communities is much less. In rural 
towns (defined as having populations less than 1 2 0 0 0  habitants) the potable water coverage is 
estimated at only 24% whilst sewer coverage is as low as 8 %. In 1985, the Direction of 
Environment Sanitation of the Ministry of Health stated that only 13% of plants supplied 
water of good quality and of good continuity. The remaining 87% of plants were either 
unfinished or had limitations in their operation, maintenance or administration. By the end of 
the 1980’s only 52% of the water supply systems had any form of treatment and in rural 
districts, particularly those where construction was completed, treatment was less than 4%.
Only 50% of potable water supplied is paid for. This is due to many complex problems, one 
being that if problems with the water supply and quality occur the community may decide not 
to pay their tariffs. Others only visit the rural areas for the weekend and so are opposed to 
paying rates which are not based on consumption.
Problems concerning waste water disposal and treatment and the increase in environmental 
pollution, have lead to developments on a political scale. The National Development plan of 
1990 - 1994 established new environmental policies:
• Incorporation of environmental variables in the processes of development plans.
• Improve the quality of the environment in the urban centres.
• Strengthen the knowledge of natural and environmental resources to allow their sustainable 
exploitation.
• Create a Ministry for the Environment.
3.2.3. CINARA - Centro Inter-Regional de Abasteciemiento y  Remocion de Agua
CINARA, is a non-profit making foundation which was founded 12 years ago. Its work covers 
the rural sectors, small and medium towns and peri-urban communities, traditionally areas 
with lowest coverage in public services. It maintains the philosophy that research, 
development and the promotion of technology must be linked to our daily routine. CINARA 
stresses the importance of optimising resources and updating personnel working with the 
institutions of the sector, offering alternative technology and most importantly, working with 
communities.
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During the time of visit, CINARA contained a multi-disciplinary team of 100 people. The 
team is composed of 67 technicians and professionals and 33 students and administration staff. 
This includes engineers, architects, social scientists, economists, administrators and basic 
scientists. CINARA is involved in the Investigation, Development and Transference of 
methodologies and techniques that seek to improve the water supply and sanitary conditions 
taking into consideration their impact on the environment. It works closely with, and in 
support of, professionals and technicians of co-operation institutions, water sector agencies 
and communities. A scientific, technological and cultural approach is used to develop 
alternatives for the solution of water supply and sanitation problems in eight Colombian 
regions with the involvement of about 2 0 0  national institutions.
CINARA has an Academic and Research Co-operation agreement with the Universidad del 
Valle and develops projects through agreements and contracts with local, national and 
international organisations involved in the water sector. This takes into account the crucial role 
of water projects in the development and improvement of the quality of life. At an 
international level, CINARA works in collaboration with universities and other specialised 
centres with headquarters in different countries.
There are three main stages in CINARA’s work scheme; the Investigation stage, the 
Development stage and the Transference stage. The Investigation stage of CINARA’s work 
involves the assessment of publications and past experiences in order to prepare material and 
develop processes for evaluating, adapting or creating the required methodologies or 
technologies, in accordance with the conditions of the sector. In the Development stage, the 
materials and processes from the Investigation stage are introduced into the community while 
considering other important variables, such as socio-economical, cultural and environmental.
The Transference stage is promoted using a critical and creative attitude. It takes the results 
obtained from the Investigation and Development stages and introduces them to the groups 
and regional institutions. This is a dynamic process which nourishes the team’s experience, 
creativity and management capacities.
A clear demonstration of this work philosophy is the programme TRANSCOL - Programa de 
Transferencia Integral y Organizada de Technologia en Agua Potable. TRANSCOL places 
emphasis on the introduction and demonstration of development projects in eight regions in 
Colombia. The participation of interdisciplinary teams and the collaboration of institutes, 
gives the opportunity to adapt methodologies and technologies within local conditions.
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3.3. TRANSCOL - P r o g r a m a  d e  T r a n s fe r e n c ia  I n t e g r a l  y  O r g a n i z a d a  
d e  T e c h n o lo g ia  e n  A g u a  P o ta b le
3.3.1. Introduction
TRANSCOL is the means by which CINARA can transfer to the different regions its expertise 
in: Slow Sand Filtration; Roughing Filtration; Surveillance and Control of Water Supply 
Systems using Community Participation; Disinfection as a Security Barrier; Community 
Administration of Potable Water and Basic Sanitary Services; Technology and Cost Model 
Selection for Water Supply.
Due to some of the successes of CINARA’s research, some future objectives have been 
defined:-
Improving the quality of water.
Surveillance and Control of water supply systems with the aid of community participation.
Internal and organisational transference of technology applicable to water supply, basic 
sanitation and the environment.
Community participation and management.
Planning activities oriented at the optimization of resources.
Basic sanitation.
Renewable sources of energy applicable to water supply, waste water disposal and the 
environment.
The TRANSCOL project can be split up into four main sections:-
a) Selection and Use of Technology
The majority of rural areas in Colombia do not possess water treatment plants nor waste water 
treatment plants. The rural areas that are privileged enough to support a treatment plant, 
mainly use chemical treatment, normally designed for the larger cities. The chemicals used are 
too expensive for most of the smaller communities, and the technology inappropriate. 
CINARA carries out a study of the area and selects appropriate technology for each areas 
specific characteristics. This takes into consideration the quality of the water source, the cost 
of construction and maintenance of the plant and the running of the plant, also the employment 
available and the requirements of the community.
b) Community Management
The community is not involved in the selection of treatment method. However after the 
construction of the plant the community is encouraged to become responsible for the running 
and maintenance of the plant. This is so as to encourage the development of an autarkic 
society. Normally, the community is represented by a group of say, three to five people, which 
are referred to as the "junta' (Spanish for united/together). The junta is responsible for
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maintaining communication between the community, plant operator and institutions.
c) Cost Recovery
The junta is also responsible for setting the tariff level to be paid by the community. If the 
tariff is too high the community won’t or may not be able to pay, if too low the costs needed to 
run the plant will not be recovered.
d) Monitoring and Evaluation
All the positive and negative feedback is collected from the plant, community and institutions. 
This information is then used to assess the strengths and weaknesses of the project. Later on, 
the evaluation will be used to improve the techniques and methodologies employed and will 
also be used for implementation in other projects. The information will contain details about 
water quality, plant performance, community participation and understanding and the 
involvement of the institutions.
3.3.2. Problems facing CINARA, the Environment and Colombia
CINARA is faced with many problems relating to the supply, treatment and distribution of 
water. These problems arise as a result of poor water quality and supply but more importantly 
as a result of human interference, lack of education and poor communication.
The problems start in the catchment basin where agriculture, deforestation and human 
habitation all lead to the pollution of water sources. Many people in the rural areas of 
Colombia depend on the environment to survive. Ironically, it is often the people ‘living closer 
to nature’ that are its worst enemy, using increasing quantities of herbicides and pesticides, 
felling large sections of forests and carelessly disposing of their waste. These problems are 
greatly affecting the environment and the natural resources of Colombia. The pollution of the 
water sources leads to increasing health problems and an increase in the difficulty of treating 
the water to give a supply safe for human consumption.
Communities involved in the projects with CINARA, are often very poor with limited 
facilities. The tariffs set by the junta frequently are not paid, either due to the fact that the 
people do not have money to pay for a water supply or because the community cannot 
understand why they are now expected to pay for a commodity that has previously been free 
and unlimited. Other complications occur due to bad relationships between the community, 
the junta and the operator. If the operator isn’t happy with his work, his work will suffer as 
will the quality of the water being distributed to the inhabitants. The community may then 
refuse to pay for poor quality water, the operator becomes even less contented with his work 
and a vicious circle develops.
Presently, one of the major problems that CINARA has to deal with is the poor management of 
the treated water. In La Sirena, for example, the volume of water used per person per day is
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presently 300 litres (CINARA normally designs for a supply per person per day of between 
100 litres and 200 litres). Taps are often left open and broken pipes unmended. Many 
communities are unable to carry out simple repair jobs due to lack of knowledge or resources 
and seldom understand the importance of controlling the quantity of water wasted or of its 
hygienic use.
3.3.3. Surveillance and Control Project of Water Supply Systems including 
Community Participation
3.3.3.1. Environmental Policies
There are four perspectives for viewing the human-nature relationship:-
1. The Romantic viewpoint - where human intervention with nature is prohibited.
2. Technological viewpoint - Environmental problems are inevitable as a result of human 
development and should not hold back advances in the development of technology.
3. The Economists viewpoint - Every aspect of nature can be considered as a resource and 
assigned a monetary value.
4. The Economic and Social viewpoint - Environmental problems are closely linked to 
economic, social and political aspects.
CINARA bases its work on the fourth perspective, stressing the importance of the effect of 
social considerations on the use and management of nature and the environment.
3.3.3.2. Objectives
The objectives of the TRANSCOL project are to develop methods and techniques for the 
surveillance and control of the source basin, including community participation, with the aim 
of improving and protecting the water resources. Also to develop a methodology which would 
enable the institutions and the community to continue work on preventing the deterioration of 
the quantity and quality of the water.
CINARA’s aim is to define the problems and through training projects set up a scheme that 
can protect the environment. The problems affecting water supplies are summarised by the 
“eight C’s”:-
• Quality {Calidad)
• Quantity (Cantidad)
• Capacity of the basin (Capacidad de la Cuenca)
• Continuity {Continuidad)
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• Colour {Color)
• Cost {Costos)
• Community understanding of the basin {Cultura de la Cuenca)
• Conservation of the basin {Conservation de la Cuenca)
3.3.3.3. Methodology
This can be summarised into four sections:-
a) Information is collected on the present and possible future activities affecting the research 
area. This is then assessed and evaluated and the results used to develop methodologies and 
techniques which can be implemented in the community. This information includes survey 
forms which are completed by the community representatives.
b) Workshops are used to transfer the information to the community in such a way as to 
strengthen the communication links within the community and between the community and 
CINARA. An important aspect is the building up of respect between the different groups, this 
is dependent on the communication.
c) Sanitary surveys of the zone are carried out.
d) Methods are developed with the aim of finding solutions to the problems encountered. 
These problems are evaluated and put into an order of prioritization. An important aspect of 
CINARA's work is the continuing support and reassessment of the projects.
3.3.3.4. Results
This contains information on the extent of deforestation and erosion, the methods of disposal 
of waste water and waste solids, agricultural management of the soil (including the usage of 
fertilisers, pesticides and herbicides), changes in soil usage and the effects of waste from farm 
stock (especially pigs).
3.3.3.5. Monitoring
An important aspect for the continuing improvement of methodologies and technologies.
3.3.3.6. Team Organisation
The team working within TRANSCOL is divided into sub-groups. These are concerned with 
Training programme. Community Participation, Communication, Information Management 
and Monitoring.
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Training programme - This is a continuous, two-way process. CINARA first approaches the 
institutions (Ministry of Health or Regional Office), objectives are defined and pre-diagnosis 
carried out. The whole process is considered, resulting in the identification and prioritization 
of the main problems. Programme development and continuity and the lack of human and 
teaching resources are complications that face every project. Through experience, appropriate 
methodologies and technologies are developed. These are later introduced into the 
community, assessed and modified. The process is then repeated from the start.
Special care is taken in the training of teachers and in the planning of workshops. The teaching 
materials are chosen to encourage creativity and to enhance management capacities. Games, 
local materials and 'mapa parlanf (plans of the life cycle of the water from source to the 
houses) make information transferal fun, memorable and relative to the community.
-► Traming program
Replicate;— —  Community 
I  Institutions
Evaluate
4
— Modify (with CINARA s help)
Community Participation - Through the institutions CINARA approaches the community. 
The main emphasis is directed towards the junta. There are three main aims; firstly to enforce 
decision making and autonomy, secondly to build respect between the junta, operator, 
community and institutions and also within the community itself and finally to control and 
monitor the project.
Without the support and monitoring of CINARA, many plans would soon become redundant 
or would not even reach the stage of execution. The community is the focus of CINARA’s 
work. Without community co-operation, many projects would fail. It is through the 
community that the continuance of successful plant performance and operation can be 
maintained.
Institutions 
•Professionals 
•Technicians 
•Junta
CINARA ^ --------------------- ► Community
Communication - The importance of good communication cannot be overstressed. In the 60’s 
communication by the state was a one way process, with no feedback. However, after the 60’s 
alternative communication was developed due to the development of socialism ideology in
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Latin America. This prompted communication in the public interest, where the community 
was able to voice its opinions, allowing the evaluation and modification of methodologies.
Information Management and Monitoring - There are four groups involved with 
information transferal, the operator, the junta, the institutions and the promoter (CINARA). 
The control of the information is very complicated. The operators means of communication is 
through the president of the junta. The junta is in communication with the promoter, who in 
turn communicates with the engineers. At all stages of communication, each group is expected 
to file any problems or solutions mentioned.
Operator
t
Junta 4—  
Prom otert
Institution ■
-► Community
Director
3.4. LA SIRENA
3.4.1. Introduction
A sanitary survey was carried out at the Sirena water treatment plant. La Sirena is situated in 
Comuna 19, south west of Cali and was supplied by a surface water source. Source 
contamination occurred as a result of waste water discharge, deforestation and erosion. La 
Sirena contained some 500 houses with a total population of 2500 habitants. The inhabitants of 
La Sirena generally worked away from the region, in other areas of Cali. The men worked as 
wage earners or independent workers while the women of La Sirena were housekeepers or 
unofficial domestic employees.
La Sirena treatment plant was built in about 1986. The design treatment flow was 7.5 1/s. Two 
operators worked at La Sirena, one being concerned with the plant maintenance and the 
second with the distribution network. Both operators were involved with the cleaning of the 
filter beds.
3.4.2. Source
The source supplying Sirena came from two streams and one river about 3 to 4 kilometres 
from the treatment plant. The majority of the water was drawn from the Epaminondas stream. 
Further supplies were obtained from the Rio Melendez and from Los Valencia. However, it 
was said that the river source was only used in summer, during times of low water flow.
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Both the sources from the Rio Melendez and Los Valencia were drawn directly from the bed 
through a pipe into an abstraction tank. The supply from each abstraction tank flowed through 
separate pipelines to the main abstraction point of Epaminondas. Los Valencia abstraction 
point was in a natural sink. This had filled with sediment but could not be cleaned due to lack 
of water storage resources required during the cleaning process. Without a storage tank, 
washing would have resulted in either a reduction of water supplied to the treatment plant, or 
high turbidity water going to the treatment plant. This resulted from the water not being 
allowed to flow to waste whilst the turbidity at the source was allowed to stabilise. The 
sediment in the stream was, however, probably more an aesthetic problem than one of water 
quality.
The supply water from Epaminondas was drawn through a dynamic roughing filter (DyRF) 
situated in the stream bed. During a period of high flow, the dynamic roughing filter was 
washed away. However, the supply was still being drawn through the base of the old DyRF. 
Information on the flow rate and quality variation through the DyRF was not known, the 
possibility that the DyRF had been partly clogged or blocked could not be confirmed.
The water drawn from Epaminondas through the DyRF flowed into an abstraction tank where 
it was mixed with the water drawn from the other two sources. During the time of visit the 
cover slabs of the abstraction tank had not been carefully replaced, leaving the tank open to 
possible contamination. From the abstraction tank, the water flowed under gravity to the 
treatment plant through a pipe of length about 3 to 4 kilometres. There were signs of possible 
pipe fracture at sections along the road way, particularly where the crown of the pipe was 
exposed above ground level and open to damage by vehicles. At one section near a coal 
quarry, an air vent shaft had been constructed through the side of the cliff and up through the 
road, exposing a section of the supply pipe. Subsequently, the wheel of a vehicle had fallen 
into the entrance of the shaft damaging the pipe.
At sections along the pipeline, the pipe was exposed and small holes pierced into the pipe. 
These were used as air valves with twigs plugging the holes. It was believed that these may 
also be a possible source of contamination.
3.4.3. Treatment Plant
Apart from the DyFR destroyed at the abstraction point of Epaminondas, the only other 
pretreatment facility present at La Sirena was a three-tiered, aeration cascade. The supply 
water flowed through a flow control device, which included an overflow channel, into the 
cascade. The flow to the cascade was controlled by a v-notch weir and vertical sluice gate. 
After the cascade the water was split into two streams which flowed through another set of 
flow control devices consisting of v-notch weirs and vertical sluice gates, and subsequently 
into two, uncovered, slow sand filters.
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The slow sand filters were built in a circular plan, to maximise their perimeters and to 
minimise construction costs. Both slow sand filters were surrounded by a concrete drainage 
cape of about one meter radius. A drainage system was incorporated into the cape to give 
efficient drainage of any rain or waste water. The walls of the slow sand filters were extended 
above the ground surface, preventing waste from draining into the supply water. A short 
railing, of approximate height 30 cm, was constructed on the top of the wall.
mg
Figure 1. La Sirena - Cascade
The slow sand filters (SSF) contained 
sand to a maximum depth of 
approximately 1.5m. Three layers of 
sand were used, with fine at the 
surface and two thin layers of coarser 
supporting sand resting on the 
surface of the underdrains.
During cleaning of the filter beds, 2 
to 3cms of fine sand was skimmed, 
washed and stored. The base of the 
SSFs was curved, resanding was 
carried out when the curve in the 
SSFs could be seen (depth of 
remaining sand unknown). When 
resanding, the schmutzdecke was 
removed from half of the filter bed to 
be washed and the next 1 0 cm of sand 
placed on top of the other half of the 
filter bed. The skimmed half was 
then resanded and the top 1 0 cm 
previously moved replaced on the 
surface of the clean sand; it was 
claimed that this reduced the 
maturation period. This process was 
repeated for the other half of the filter 
bed.
Cleaning of the filter bed was not seen during the visit. Information was gained from verbal 
sources.
To prevent the sand beds from drying the outlet pipe turned upwards to a level above the top of 
the sand. Generally, the SSFs were resanded when the clean sand in the store appeared to be ‘a 
lot’. Cleaning of both slow sand filters usually took the two operators one day, this included 
the time required for cleaning the sand (about 2m  ^ of schmutzdecke removed in total). The 
effluent of the two slow sand filters was combined before the final stage of treatment.
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Figure 2. La Sirena - Slow Sand Filters
Tertiary chlorination was used as a final barrier in the treatment process, at a dosage of 10 
litres of chlorine per 500 litres of water. The chlorine tank was locked in a secure, covered 
shed, along with the washed sand. Sand washing facilities were present.
The plant itself was maintained in a clean condition. It was secure from vehicles but not from 
human or animal access. The operator and family lived on site, providing good security.
3.4.4. Summary of Problems
1. Lack of information of water quality, both at source and at the treatment plant. The only 
information available was collected during the summer of 1990.
2. Inadequate water storage tanks between abstraction point and treatment plant, resulting in 
the prevention of cleaning of the stream bed.
3. Media in the dynamic roughing filter washed away during a period of high flow. The 
dynamic roughing filter was difficult to maintain due to the large distance between the 
abstraction point and the treatment plant. The flow over the dynamic roughing filter could not 
be controlled.
4. Unknown behaviour of water being drawn through the bed of the old dynamic roughing 
filter. The vertical flow through the bed of the filter may have been affected by the collection
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of silt, resulting from the protective layers of gravel having been washed away.
5. Sections of the supply pipe were exposed along the road. Holes had been pierced into the 
top of the pipe to act as air valves. These holes were then plugged with sticks and may have 
been a possible source of contamination. Many sections of the supply pipes contained air.
6 . During periods of high turbidity, the raw water was made to by-pass the treatment plant in 
order to prevent the slow sand filters from becoming clogged. This resulted in discontinuous 
flow through the slow sand filters. During the rainy season, flow interruption may have been 
as frequent as 2 to 3 times per week, for periods of 2 to 3 hours.
7. Inadequate storage of treated water resulted in the community being without water during 
cleaning of filters and during periods where filters were by-passed.
8 . Design flow was 7.5 1/s, during the time of the visit the plant was operating at a flow rate of 
12 1/s. This was due partly to population growth but more importantly poor management of 
water in the community resulting in waste.
3.4.5. Pre-Design for Sirena Treatment Plant
3.4.5.1. Determination of Plant Design Data
A pre-design was carried out for the water treatment plant at La Sirena. The data used was 
collected during the summer of 1990.
Raw water data:
Turbidity: < 5 NTU
Colour: < 25 UPC
Faecal Coliforms: < 50 /100ml
No data was available for 1994
Referring to Pre-treatment Alternatives for Drinking Water Supply Systems; Selection, 
Design, Operation and Maintenance’, CINARA, IRC, Dec. 1993; Preliminary Selection Chart, 
page 35.
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Design data:
Turbidity: Mean <40 NTU Max <150 NTU
True Colour: Mean < 30 UPC Max < 48 UPC
Faecal Coliforms: Mean < 84000 /100ml Max < 200000 /100ml 
Iron: Mean <3.5 mg/1 Max < 6  mg/1
Manganese: Mean < 0.9 mg/1 Max <1.3 mg/1
Require Dynamic Roughing Filter (DyRF), Upflow Roughing Filter in Layers (URFL), and 
Slow Sand Filter (SSF)
Population data:
Population served, Po = 2500 (1990)
Rate of population increase, r = 2%
Vol. of water used per person per day, D = 2001/p/d 
Population design period, n = 10 years
The future population, (P) is given by:-
P = Po( l+r)”
Calculating the populations for the present time, 1994 and for ten years time, 2004:- 
P ] 9 9 4  = 2500(1 +0.02)^ = 2601 people
^ 2 0 0 4  -  2601(1 + 0 .0 2 )  ^ = 3171 people
Assumptions:-
CINARA normally allows between 100 1/p/d (litres per person per day) to 200 1/p/d, for their 
design calculations. The plant at La Sirena was treating 12 1/s at the time of visit. This was 
about twice the volume expected for this size population. Due to the education program to be 
implemented by CINARA it was assumed that this value could be reduced in the future. A 
supply (D), of 200 1/p/d was considered for this calculation, still much higher than would 
normally be expected.
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To calculate the mean daily flow, Q:-
P \ D
Q  = 86400
Calculating the mean daily flows for 1994 and 2004:-
2601x200 _____
Qim -  86400 -
3171x200
2^004 -  86400 ■
Considering the fluctuations in daily use of water, a k factor of 1.3 is applied to the mean daily 
flow to give the design flow QD:-
Qj) = 7.4 X 1.3 = 9.61 1/s 
Hence use a design flow, QD = 101/s.
Considering a daily water consumption of 200 1/p/d, for a flow of 12 1/s (the flow of water 
being treated at the time of the visit), the design period for the plant would be:-
e  = ^  = 9-21 l/s
MB Mm
” log(l + r) log( 1+0.02) 21.5 years
This stresses the magnitude of the problem, for a flow of 12 1/s the design period would be 
doubled.
Plant design data:
Q d =  101/s 
D = 200 1/p/d 
n = 1 0  years 
? 2 oo4  = 3171 people
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3.4.S.2. Design of Dynamic Roughing Filter, DyRF:
Design as a first barrier to improve water quality, since the turbidity is constant for the 
majority of the year.
Preliminary Design Data:-
Filtration velocity, Vf = 3 m/h 
Size of gravel in top layer = 3 to 5 mm 
Surface flow = 0.15 m/s 
Surface wash velocity, Vg = 0.3 m/s 
Depth of filter bed = 0.6m
Filter Media Specifications:-
Top layerdepth: 0.2 mgravel diameter: 3 to 5 mm 
Middle layerdepth: 0.2 mgravel diameter: 5 to 15 mm 
Bottom layerdepth: 0.2 mgravel diameter: 15 to 25 mm
Surface area of DyRF, As:-
Q d  10 X 3600 2
' Vf 3 X 1000 ™
The flow across the surface of the DyRF, Q l is greater or equal to Qd. For this design Q l is 
taken to be 1 . 2  x Qd = 1 2 1/s.
Width of DyRf, b:-
Length of DyRF, L:-
Q j  19
b = 3 .4 ^  = 3.4— % = 1.5 m
v; 0.3^
r  12L  = -r- =  rr-z = 8 m b 1.5
Hence one DyRF of width 1.5 m and length 8 m is required.
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3.4.S.3. Design of Upflow Roughing Filter in Layers, URFL:
Filter Media Specifications:-
1^  ^layer depth: 0.3 m gravel diameter: 19 to 25 mm
2"^  layer depth: 0.3 m gravel diameter: 13 to 19 mm
3^  ^layer depth: 0.15 m gravel diameter: 6  to 13 mm
4^ layer depth: 0.15 m gravel diameter: 3 to 6  mm
5* layer depth: 0.3 m gravel diameter: 1.6 to 3 mm
Design Data:-
Design flow, Qd = 101/s 
Design period =10 years 
Operation period = 24 hrs/day 
Rate of Filtration, Vr = 0.6 m/h
Surface area or URFL, As:-
Q d  10 x 3600 3
^^ = ■{^  = 0.6x 1000 = ®“ “
Hence, require a minimum of four units, in parallel. 
Length of each URFL, L:-
Width of each URFL,B:-
5 = ^  = ^ i f ^  = 3.1n, In  2 x 4
Where n = number or units
Hence four URFL of width 3.1 m and length 4.9 m are required.
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3.4.6. Recommendations
L Improve communication between the Minister of Health, jMwto and operator and stress the 
importance of monitoring the water quality throughout the treatment process, especially 
during the rainy period. The Minister of Health should understand the importance of 
monitoring the water quality, and encourage the operator to carry out routine sampling. 
Without the interest and support of the Minister of Health and the junta, the operator may 
believe that time spent sampling is unimportant.
2. Consider reinstalling the old DyRF constructed in the Epaminonda river bed. Superficial 
structure was still in good condition but protection of the bed media was required. Suggest 
laying a grid made of, say reinforcement bars, on the surface of the media. This could be held 
down by rods laid horizontally across the surface of the grid, perpendicular to the direction of 
flow (Figure 3). These rods could be tied into the concrete wall structure. The grid should be 
light enough to be easily raised for cleaning by the operators. The rods should be secure and 
easy to remove for cleaning of the DyRF. The number of sections of grid required will depend 
on the weight of the grid and the total length of the DyRF requiring protection.
C o n c re te  W a ll S tru c tu re
\
G r id  S tru c tu re .
D y R F  B e d  M e d ia
R e in fo rc e m e n t  R o d s
Figure 3. Proposed Grid Structure for DyRF
3. Consider diverting the pipes from the Rio Melendez and Los Valencia to the upstream side 
of the reinstalled DyRF, to allow pretreatment of all raw water sources. Consideration will 
have to be given to the head losses through the pipes. The head loss through the supply pipe 
from the Rio Melendez may be too great to permit its redirection.
4. All sections of pipe along the road should be covered, to protect them from damage caused 
by vehicles.
5. Air valves may require protection to prevent contamination, especially along the road. This
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may be done by replacing sticks used to plug air holes with air valves or covering the pipe 
section with some casing or replacing the pipe section with a capped ‘t’ pipe section.
6 . The reinstallation of the DyRF should prevent the need to by-pass the treatment plant during 
periods of high turbidity. However the DyRF may become blocked, resulting in discontinuity 
of flow through the slow sand filters and interruption of supply to the community. It may be 
considered necessary to construct a new dynamic roughing filter at the plant, to allow flow 
control and easier maintenance. Design details of an alternative dynamic roughing filter are 
included in the pre-design calculations (Chapter 3.4.5.).
Alternative designs to the DyRF design given may be more appropriate due to the limited area 
available at the plant for construction. A suitable alternative may be a two unit DyRF, giving a 
shorter length for the structure.
7. The design calculations (Chapter 3.4.5.) recommend the construction of four upflow 
roughing filters in layers at La Sirena treatment plant. Details of the upflow roughing filters in 
layers are included in the pre-design calculations.
3.5. La Felidia
A visit was made to La Felidia water treatment plant. On the day of the visit the plant had been 
run down for maintenance work. An inspection was made of the intake and supply line to the 
treatment plant. The intake consisted of a weir constructed across the river channel. The nape 
of the weir sloped downwards on the downstream edge of the weir. Into the weir was 
constructed a drain, through which the raw water was drawn into the intake chamber (Figure 
4). No screening of the raw water was carried out.
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Figure 4. La Felidia intake weir
Problems with silting up of the intake chamber occurred. On the day of the visit the operator of 
La Felidia treatment plant had dug out the soil deposits from the intake chamber (Figure5). It 
was said that an equivalent amount of soil had been removed from the intake chamber on the 
previous three days.
Three pipes led into the intake chamber: the intake pipe, the outlet pipe and the washout pipe. 
The wash out pipe was said to have a smaller diameter than the intake pipe. This pipe was said 
to be inadequate for removal of the silt and debris that collected in the chamber. The pipe was 
often blocked during the cleaning of the intake chamber.
After abstraction, the raw water flowed through a pipe to two settling chambers in series. 
Again problems occurred at the first settling chamber due to the wash out pipe being 
inadequate in diameter. The settling chamber had been cleaned at the same time as the intake 
chamber.
The operator said that no problems had occurred during the cleaning of the second settlement 
chamber. The wash out pipe of the second settling chamber was of a larger diameter than that 
for the intake chamber and the first settling chamber.
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S  A  V»:;-
Figure 5. La Felidia intake chamber showing soil deposit removed
—I
Figure 6 . La Felidia first settling chamber
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3.6. Suspended Solids Laboratory Work
3.6.1. Abstract
Tests were carried out to determine the best method for particle size distribution analysis 
throughout a multi-stage filtration plant. The samples used in the analysis were taken from line 
1 of the pilot plant monitored by CINARA at Puerto Mallarino, Cali, Colombia. Line 1 of the 
pilot plant consisted of a Dynamic Roughing Filter (DyRF), three Upflow-Roughing Filters in 
Series (URFS) followed by a Slow Sand Filter (SSF). Samples were taken from four positions 
in the pilot plant, raw water (drawn from the Cauca River), effluent of the dynamic roughing 
filter, effluent of the third roughing filter and effluent of the slow sand filter (for further 
information refer to Proyecto Integrado de Investigacion y Demonstracion de Methodos de 
Pretratamiento para Sistemas de Abastecimiento da Agua; CINARA, IRC; 1992).
Figure 7. Pilot Plant at Puerto Mallarina
Two experiments were carried out using water samples taken on the 28* April, 1994. Both 
methods involved filtering samples through a series of filters with vaiying pore sizes. Five 
filters were used of pore sizes 8 pm (Whatman 40), 2.7pm (Whatman GF/D), 1.2pm 
(Whatman GF/C), 0.7pm (Whatman GF/F) and 0.45pm (cellulose nitrate fibre, Sartorius).
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3.6.2. Method
For both methods four filters of each pore size plus an extra four of 0.45pm for the check, 
were placed on individual clean glass dishes. The dishes were labelled with the filter pore size 
and sample name (i.e. Raw, DyRF, RFS, SSF). The dishes and filters were dried for a 
minimum of one hour at a temperature of between 103°C and 105°C, and then placed in a 
desiccator to cool for at least thirty minutes. The dishes with filters were weighed to an 
accuracy of 0 . 0 0 0 1  g and the filtration procedure carried out as follows.
A known volume of sample was measured using a measuring cylinder and filtered through the 
filter of largest pore size (8 pm). The measuring cylinder was rinsed with particle-free water 
and the water was added to the sample being filtered. After filtration the vessel was also rinsed 
with particle-free water to ensure that no particles remained on the sides of any apparatus. The 
filtered water turbidity was measured and the procedure repeated using the filter of next 
largest pore size (2.7pm). All apparatus that had contained the sample was rinsed with 
particle-free water and the water added to the sample.
The test was repeated for all five filters, each filtration using the filtered water of the previous 
test. A check was carried out by filtering a known volume of the original sample through a 
filter of pore size 0.45pm. The total suspended solids retained by this filter should 
theoretically equal the sum of suspended solids retained on the previous five filters. Again the 
filtered sample turbidity was measured.
The procedure was repeated for all four samples and for both methods. The dishes, filters and 
residue were dried at between 103°C and 105°C for between one and two hours. The dishes, 
filters and residues were then cooled in a desiccator for a minimum of thirty minutes and 
reweighed. The weight of the residue was determined and used to calculate the suspended 
solids.
Method A: Samples of equal volumes of 150ml of raw water, dynamic roughing filter 
effluent, the third roughing filter effluent and slow sand filter effluent were used in 
the test. 50ml volumes of sample were used for the check due to the small pore size 
of the filter (0.45pm).
Method B: Samples of equal turbidity were used. The turbidity of the sample with lowest 
turbidity was measured and the remaining samples diluted with particle-free water, 
to give a sample of equivalent turbidity. The volumes of original sample used and 
particle-free water added were noted and used to calculate the total volume of 
sample filtered in the tests. 150ml of the diluted samples were used for all 
filtrations, including the check.
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3.6.3. Results
The results are given on graphical form in Figures 8  to 15. Figures 8  and 9 give the 
approximate turbidity values obtained after each stage of filtration for Test 2 and test 3, 
respectively. Figures 10 and 11 give the turbidity reduction as a percentage of the original 
turbidity. Suspended solids values are given in Figures 12 and 13. The percentage reduction of 
suspended solids is given in Figures 14 and 15, this was again calculated as a percentage of the 
original suspended solids value for each sample.
The suspended solids were determined using the following formula:
55  .
where A = Dry weight of dish, filter and residue (mg)
B = Dry weight of dish and filter (mg)
C = Volume of sample (1)
The turbidities and volumes of the samples used for the three tests carried out using Method A 
are given below:-
Method A - Test 1:-
Raw water turbidity 300 NTU 
DyRF turbidity 210 NTU 
RFS turbidity 6 6  NTU
SSF turbidity 12 NTU
Method A - Test 2:-
Raw water turbidity 180 NTU 
DyRF turbidity 171 NTU 
RFS turbidity 40 NTU
SSF turbidity 25 NTU
150ml samples used for Raw water and DyRF - filtration volumes OK 
150ml samples used for RFS and SSF - filtration volumes too small
Method A - Test 3:-
Raw water turbidity 130 NTU 
DyRF turbidity 78 NTU 
RFS turbidity 24 NTU
SSF turbidity 15 NTU
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200ml samples used for Raw water and DyRF - filtration volumes too large; slow filtration 
through 8 p.m for raw water sample; slow filtration through 2.7pm filter for DyRF.
400ml samples used for RFS and SSF - filtration volumes OK.
200
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^ 60  
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20
I
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□  S S F
2.7 1.2 0.7
Filter Pore S iz e  (um)
0.45 check
Figure 8 . Turbidity Results for Method A - Test 2
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Figure 9. Turbidity Results for Method A - Test 3
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Figure 10.% Turbidity Reduction for Method A - Test 2
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Figure 11.% Turbidity Reduction for Method A - Test 3
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Figure 12. Suspended Solids Results for Method A - Test 2
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Figure 13. Suspended Solids Results for Method A - Test 3
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Figure 14.% Suspended Solids for Method A - Test 2
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Figure 15.% Suspended Solids for Method A - Test 3
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The turbidity and suspended solids results for Method A, tests 2 and 3 are given below. The 
turbidity values are not accurate (Chapter 3.6.4., point 6 ).
Method A - Test 2
Raw DyRF RFS SSF
Original turbidity (NTU) 180 171 40 25
After 8)Lim filter
Turbidity (NTU) 61 48 36 23
Suspended Solids (mg/1) 351.33 226.67 26.67 30.67
After 2.7pm filter
Turbidity (NTU) 48 37 32 2 0
Suspended Solids (mg/1) 32.67 27.33 5.33 11.33
After 1.2pm filter
Turbidity (NTU) 25 2 1 25 16
Suspended Solids (mg/1) 44 26 2 2 14
After 0.7pm filter
Turbidity (NTU) 17 14 17 13
Suspended Solids (mg/1) 19.33 2 0 17.33 23.33
After 0.45pm filter
Turbidity (NTU) 7.9 6.5 6.9 5
Suspended Solids (mg/1) 17.33 21.33 17.33 16
Check
Turbidity (NTU) 6 7 7.1 7.1
Suspended Solids (mg/1) 206 332 70 58
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Method A -T E S T 3
Raw DyRF RFS SSF
Original Turbidity (NTU) 130 78 24 15
After 8pm filter
Turbidity (NTU) 1 1 23 23 14
Suspended Solids (mg/1) 270.5 73 8 5.25
After 2.7pm filter
Turbidity (NTU) 1 0 14 2 2 14
Suspended Solids (mg/1) 30.5 40 8.25 3.5
After 1.2pm filter
Turbidity (NTU) 8 1 1 18 13
Suspended Solids (mg/1) 11.5 8.5 11.25 5.25
After 0.7pm filter
Turbidity (NTU) 8 9 13 1 1
Suspended Solids (mg/1) 1 0 1.5 8.75 5.75
After 0.45pm filter
Turbidity (NTU) 7 8 9 9
Suspended Solids (mg/1) 6.5 9.5 4.75 5
Check
Turbidity (NTU) 1 0 1 0 16 1 0
Suspended Solids (mg/1) 308 104 42.5 33.75
NB: Due to high turbidity and volumes used for DyRF, filtration through the 2.7pm filter was 
very slow. The residue on the filter may have blocked the pores resulting in some particles 
smaller than 2.7pm being retained.
3.6.4. Discussion
Results from a preliminary Test 1 using Method A were discarded. The reasons for this were 
two-fold. Firstly, the sample sizes of 50ml used were considered to be too small giving 
inaccurate results. Secondly, and most importantly, due to limited laboratory equipment, two 
filters were placed on each glass dish, before and after filtering. The filters were taken off the
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dish to be weighed. However, after filtering and drying, fibres from some of the filters stuck to 
the glass dishes giving invalid results.
The test was repeated with one filter per dish, the filter remaining on the dish during weighing. 
It was extremely important to ensure accurate labelling of the dishes to avoid confusion 
between sample filtered and filter used.
Method B was found to be extremely time consuming and inaccurate due to the dilution 
process. Much larger filtration volumes than those used for Method A were required to give 
accurate results. Due to this it was not thought worthwhile repeating the test considering the 
limited time available.
The results from Method A gave the particle size distribution through line 1 of the pilot plant 
at Puerto Mallarino. The majority of the larger particles (>8 pm) were removed by the dynamic 
roughing filter and the roughing filters in series. However, the removal distribution of particles 
between 1.2pm and 0.45pm was much more evenly dispersed. The benefits of using a multi­
stage process for the removal of finer particles was shown. The inclusion of a dynamic 
roughing filter and roughing filters in series was of great importance for the initial removal of 
larger particles and subsequent increase in efficiency of the treatment system.
Further research to compare the efficiency of the five treatment lines of the pilot plant at 
Puerto Mallarino will be of great interest.
Some of the details of the procedures followed and factors to be considered when carrying out 
the test are given below:
1. The samples used were collected within a few minutes of each other. The retention time of 
the water at each stage of treatment was not taken into consideration. During periods of low 
variation in raw water quality this is of little concern. However, it becomes of more 
importance during periods of rapidly varying turbidities and may need to be considered.
2. The sample bottles were thoroughly cleaned before the samples were collected and rinsed 
with particle-free water. When taking samples, the bottles were first rinsed through with the 
sample before filling. The samples should be tested as soon as possible. If stored they should 
be kept in a cool environment.
3. Before filtering, it was necessary to ensure that the filters were the correct way up and that 
they completely covered the bead support ring, to prevent short-circuiting.
4. Different volumes for samples should be used in order to take into account the variations in 
turbidity. A plot of sample volume to be used against sample turbidity should be created for 
reference. This will be obtainable from experimental experience. Some volumes and 
turbidities used in the experiments have been included in Chapter 3.6.3. for reference.
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5. If samples of too small a volume are used the results will be less accurate. However, if too 
large samples are used, the filtration process may be very slow and may also lead to incorrect 
results. The residue retained on the filter may clog the pores and reduce the size of particles 
able to pass through the filter.
6 . It is necessary to rinse all apparatus used during the filtration process with particle-free 
water and to add this rinse water to the filtered sample. This is to ensure accurate suspended 
solid results. However, it will result in inaccurate turbidity readings for the samples due to 
dilution. The turbidity values obtained can only be used to give a rough impression of the 
turbidity characteristics.
7. Care must be taken to ensure that filters do not leave fibres on the filtration apparatus, since 
this will lead to inaccurate results.
8 . The drying times employed were of greater than one hour to ensure complete removal of 
free water. Samples were not left drying for longer than two hours due to the possibility of 
alterations in particle composition due to overheating. This possibility has not been confirmed 
and may be interesting to verify.
9. Samples were not left unduly long in the desiccators due to possible alterations in particle 
properties (Standard Methods, edition 15). However it is necessary to ensure that all samples 
are cool before weighing due to different weights being obtained at different temperatures.
473
Colombia Report -1994
Appendix A EngD module: Social Impact Assessment (May 1994)
Brunel/Surrey
Engineering Doctoral Programme
Social Impact Assessment 
(18^ *" to 22“  ^May 1994)
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"Scientists’ understanding of the public is as important as the public's 
understanding of science.”
This essay will discuss the importance of maintaining good communication links between 
scientists and the public, and the problems that occur when either party fails to understand 
the importance of each other's knowledge and needs. Conflicts in opinions often arise as a 
result of lack of understanding, interest and respect for the other party. Hence, it is of utmost 
importance that scientists understand the communities' requirements, and vice-versa.
The author of this essay is concerned with research into water treatment using a biological 
process. The aim is to develop treatment technologies suitable for developing world 
countries, taking into consideration the communities' needs and the resources available. 
Discussion will be based around work in the field of water treatment in developing world 
countries, with particular reference to work being carried out by a research centre called 
CINARA {Centro Inter-regional de Abastecimiento y  Remocion de Agua), based in Cali, 
Colombia.
In May, a visit was made to the CINARA research centre. The aim of the centre is to develop 
appropriate technology for implementation into rural areas of Colombia. The term 
'appropriate' is central to the design procedure. The design must be cheap, simple to operate 
and sustainable. The autarky of the community must be maintained in order for a project to be 
considered successful.
CINARA places great emphasis on the sentiments of the community, consideration being 
given to their cultures, needs and the resources available. All too often advanced technologies 
are introduced into regions where they are totally inappropriate. The result is an 
over-complicated system that is too complex for the community to maintained; these plants 
soon become redundant, both money and time having been wasted. Another outcome is the 
negative effect on the relationship established between the scientists and the community, 
making any future developments even more difficult to implement.
During the visit to CINARA experience was gained in the oversight of communities. The 
methods for developing communication links and building respect between the scientists and 
community were observed, while at the same time being mindfiil of the numerous asperities 
involved. The communities with whom CINARA work, generally have very limited 
education. For the majority water is considered to be an abundant commodity that is free to 
all. Educating the people in the safe and careful use of water and explaining to them that it is 
not an expendable resource is a difficult and formidable task. However, if the benefits of 
implementing a new system into the community can be explained to the inhabitants, and they 
are encouraged to participate in its maintenance and operation, great support may be obtained 
from them.
Problems arise when the community and the scientists fail to understand the importance and 
relevance of each others work. Take the example of the town La Paila, just North of Cali, 
Colombia. CINARA helped to improve the quality of the water supply by adapting the local 
water treatment plant. The inhabitants of La Paila willingly accepted CINARA's experience
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and allowed CINARA to proceed with the plant alterations that CINARA deemed necessary. 
Their knowledge of CINARA's work was very limited. The societies' interest was focused 
purely on the immediate benefits to themselves, resulting in a blinkered community that was 
unable to realise the long term consequences of their actions. One difference between this 
community and other communities that CINARA is working with is that the town and 
inhabitants are relatively wealthy. Combining the factors of lack of appreciation for 
CINARA's experiences, poor technical understanding, selfish desire and sufficient wealth, 
yielded a problem with supply limitations. At La Paila the problem arose that the community 
expected larger and larger quantities of treated water. They belief that, as they were paying 
water tariffs, they had the right to as much water as they desired, and insisted that this water 
should be made available to them.
This is where the lack of wider understanding leads to problems. The treatment plant was 
designed for a maximum flow rate that the present demand greatly exceeds resulting in the 
overloading of some of the treatment processes and eventually resulting in poor plant 
performance and a reduction in the quality of the treated water. At the present rate of demand 
there will be a shortage in water supply in the region. The water source will be drained and 
the wider environmental effects could be devastating to the region. However, attempts by the 
plant operator to control the quantity of water being supply to the town led to sabotage of the 
control devices, forcing the plant operator to respond to the communities' desires.
This situation arose due to the publics lack of understanding and care for the factors external 
to their own homes, such as the environment. In this situation, the solution must be through 
an education programme, designed to increase the awareness of the community in the 
different factors involved. To alter the views of a myopic society requires great diplomatic, 
manipulative and tactical skills. Although the problem is focused on the community, lack of 
understanding on.the scientists' side, will only exaggerate the situation. The sabotage of 
equipment was a result of the scientists not realising the power, determination and 
stubbornness of the society. The plan to install a device to control the flow out of the 
treatment plant resulted in the community enforcing their power in the form of vandalism. 
This stresses the importance of working with the community. The community is not an object 
that can be ignored, not for social nor economical reasons nor for the positive advancement 
and monitoring of technologies.
One way of viewing the problem is by attributing job titles to the parties involved. Scientists 
can be considered as being the contractors of a project proposed by the community/client. In 
all contracts, the contractor is required to develop a solution for the clients' requirements. It 
would be unrealistic for contractors to propose a project that did not adhere to the clients 
wishes. Just as a construction company wouldn't propose building a mansion to house 
students, it is equally ridiculous to propose an advanced technology solution for projects in 
the developing world that cannot be funded, maintained nor understoo^by the district. It is a 
misconception on the side of the scientists that a successful project can)pnplemenfwthout 
the blessing of the community involved. Scientists may be under the impression that a 
community is not interested in their work and that this gives them the right to implement and 
experiment with whatever projects they desire. Although the community may not seem 
enthusiastic, it is their livelihoods concerned, and their duty to take interest in any projects to 
be implemented into their community.
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The support and co-operation of the community are vital. This cannot be earned without first 
gaining an understanding of the communities needs, traditions and lifestyles. The conclusion 
is that it is not only the general public that requires education but also the scientists. It is all 
too easy for people of higher education to storm into a community and tear the traditions to 
shreds, leaving a community devastated and vulnerable and unable to support themselves.
It is imperative to gain an understanding of the general public and to respect their needs and 
knowledge. Scientists need to be aware of peoples fears and their reasons for wishing to 
obstmct the implementation of projects. Each individual has much to offer the scientists. 
Their knowledge of the climatic, political and geographical characteristics of their region will 
be based on generations of experience. Records of this information are seldom kept, 
especially in developing countries. Information gained from the community, including 
information on the available resources and a sagacity into any possible problems that may 
occur, needs to be milked and collated to give an image of the day-to-day and year-to-year 
work schedule.
"Unless local people have ownership or control of projects they will not take 
responsibility. People have local knowledge. Their ideas are always superior to 
those of experts. They know the social variables. Experts tend only to know 
technical variables."
Sam Joseph (Action Aid)
"The gap between authorities and people is now recognised by everyone. 
Authorities world-wide are becoming aware they can't do things alone. They are not 
getting the results. They recognise there must be a better way and are beginning to 
turn back to people."
Tony Gibson (Set up Planning for Real)
Traditions and culture are often the foundation stone of rural communities. It is not surprising 
that the community will do all that is possible to prevent the dismption of its' lifestyles, this is 
especially true in the more rural and less developed regions of the world. If the needs of the 
inhabitants are ignored, the proposed project to be implemented into the community is 
doomed to failure. The aim of the majority of projects in the developing world is to develop 
appropriate technologies that can be maintained and managed by the cofnmunity. Without the 
communities' blessing of the project and their continuing support, the project will soon 
become redundant
Once an understanding of the community has been obtained, great advances can be made. 
Information on land use can be assembled, lists of available resources collated and acceptable 
technologies developed. The importance of communication between the community and the 
scientists needs to be addressed. Education plays an important part in communication, 
resulting in the development of understanding between the parties. Transferral of technology 
can commence once an understanding is gained, permitting co-operation and work sharing. 
The community can be encouraged to take control of the management of the project once 
implemented, while the scientists continual monitoring of the community will highlight any 
complications that may arise with the design and will lead to the adaptation, modification and
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improvement of new design technologies. This will result in the continual improvement of 
technology and communication between people.
Communities in developing world countries are unlikely to have the opportumty of good 
education. Schools, equipment and technical support are often absent. Hence, the 
communities understanding of work carried out by scientists is generally very limited. The 
implementation of new technology into the community will reveal problems with 
understanding and conflicts with traditions and culture. In order to successfully introduce new 
technologies into the region it is vital to gain the respect, confidence and support of the 
community.
Great emphasis must be placed on the development of interest and understanding and the 
strengthening of respect and communication between the commumty and the scientists. In 
order to achieve this aim it is essential that an understanding of each other's requirements is 
gained. We need to learn how to develop our listening skills, to respect other people's 
opinions and to realise that an education doesn't necessarily make you more able to 
understand the multiple variables requiring consideration for the realisation of a project.
Comments:
This is a really interesting piece of work - the examples you provide are fascinating and 
illustrate well the need for mutual communication & understanding.
You would have done better if you had linked your example to some of the general points 
made in the literature on public understanding of science - it would have strengthened the 
argument you advance. It would also be an interesting thing to do as to date most of the work 
on public understanding of science relates to the West (USA & UK) and you clearly show its 
relevance to important issues in developing countries.
Kate Bumingham (Surrey Uni.)
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4.1. Introduction
St. Lucia is one of the Windward Islands, situated in the Lesser Antilles. A population of 
approximately 145,000 inhabit its 619 sq. kilometres. Castries, the capital of St. Lucia is 
situated in the North-West of the island and supports about 45% of the total population. The 
remainder of the inhabitants are dispersed among the four towns and seven villages which line 
the tropical coastline.
The economic basis of the island relies greatly on the tourist industry and light industry, with 
the main source of income originating from banana crops. The increase in tourism has put 
extra pressure on the water authorities, whilst levels of contaminants in the water sources has 
increased due to poor agricultural practices.
The geological origins of the 
island are volcanic, resulting in 
an undulating topography of 
mountains with only 2 0 % of 
the total land surface being flat. 
Like other Caribbean islands 
tropical storms and hurricanes 
often cause landslides and 
flooding, resulting in highly 
polluted water supplies (Figure 
15. and Figure 16.). Although 
the wet season is typically 
between July and October, 
many storms occur throughout 
the whole year.
The majority of the water 
sources in St. Lucia are 
abstracted from surface water. 
Although the average annual 
rainfall is approximately 2534 
mm, due to the increasing 
population and poor 
agricultural practices, the 
problems associated with water 
supply are increasing. The effects of deforestation and agricultural activities near catchment
areas has resulted in a reduction in the quality of the raw water supply. The level of
contaminants in the water supply varies greatly during the year, not only on an hourly basis but 
also daily and seasonally. Fluctuations in the level of physical, biological and chemical 
contaminants in the raw water supply magnifies the treatment difficulties.
Figure 15. Landslide after tropical storm (1995)
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Figure 16. Polluted surface water subsequent to storm
4.2. Dennery Water Treatment Works
Dennery is situated on the East coast of St. Lucia and is the largest village in the Mabouya 
community. A report carried out in 1980 by the St. Lucian Water And Sewage Authority 
(WASA), estimated a population of 6000 with a supply demand of approximately 600 m3/day. 
In the same year, a twinning agreement was being set up between WASA, the then Central 
Water Authority (CWA) and the Wessex Water Authority (WWA). During this period a 
request was made to the British Development Division in the Caribbean for assistance to carry 
out an engineering survey into the problems of water supply in the Southern part of the island.
All of the five slow sand filter water treatment works of St. Lucia are located in the Southern 
region of the island and were covered in a consultancy report written by Farrage (1981) on 
behalf of the WWA. This report identified the main problems of water supply to be attributed 
to hydraulics, resulting in unreliable continuity and quality of the raw water. Farrage's report 
also recommended the construction of a new treatment works for the town of Dennery.
Dennery’s’ first piped water supply installed in 1911, was directly abstracted from a tributary 
of the main Dennery river. Increased demand and hydraulic problems with the supply led to 
the decision to change the abstract location and to build a slow sand filtration treatment plant 
at Errard, which was commissioned in 1967.
Due to the recommendations of Farrage and Dennery’s long water supply history, Dennery 
was selected for a study programme, managed by Mr. R. Eudovique, Production and
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Treatment Engineer of WASA (Eudovique, 1992). A new plant was built and commissioned 
in 1987 with the study programme commencing at the beginning of 1989.
4.2.1. The new Plant of 1987
The abstraction point that supplied the 1967 plant was retained for the new treatment works. 
The intake was sited at an elevation of approximately 98m above sea level, being about 23m 
above the newly constructed treatment plant. Some modifications were carried out at the 
intake. Firstly the dam needed to be heightened due to the increase in demand and secondly a 
flush out valve was required due to the anticipation of greater quantities of sediment due to the 
increased dam level and the effects of banana cultivation in and near to the catchment zone. 
The abstracted water was transported via a 150 mm cast iron pipe covering a distance of some 
3 miles and again laid in 1967.
The plant constructed in 1987 consisted of an upflow sedimenter with a retention time of 
approximately 38 minutes, leading onto two slow sand filters operated in parallel. The effluent 
of the slow sand filters supplied a clear well where chlorination took place.
During 1987, high levels of turbidity were recorded in the raw water with 25% lying in the 
range 20 to 150 NTU and 87% between 5 to 50 NTU. For efficient treatment, it the WHO 
recommend that turbidity loadings on slow sand filters should not exceed 10 NTU for more 
than two or three days (WHO, 1984). The sedimenter gave negligible contribution to the 
treatment process of the water due to the low retention time, poor design and fine particulate 
suspended solids, resulting in the supply of a highly turbid water onto the two slow sand filter 
beds. Hence a decision was made to convert the sedimenter into an upflow prefilter. This 
prefilter was commissioned in March 1989.
4.2.2. Study Methods and Proposed Improvements to Dennery WTW
Since the construction of the new treatment plant in 1987, monitoring and evaluation of the 
plant performance have been carried out. Alterations were made to the treatment works in 
response to assessments made, with the aim of improving the plant efficiency. The plant was 
also made the subject of a study carried out by Eudovique (1992).
The turbidity loading onto the slow sand filters was required to be less than 10 NTU with 
maximum loading not exceeding 20 NTU for more than two or three days, in order to allow 
efficient treatment and adequate run lengths. At that time, the loading onto the slow sand 
filters exceeded this limit and hence some form of pretreatment was required. The 
construction of the prefilters was carried out with the aim of reducing the loading onto the 
slow sand filters to levels recommended by the WHO. With reduced loadings it was hoped 
that the slow sand filters could produce a filtered effluent that conformed with the WHO
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guidelines of less than 5 NTU and 0 Fæcal Coliforms/100 ml (WHO, 1984).
Improvements and interventions to the treatment works were phased in order to minimise the 
disruption to the community’s supply. Below is a summary of the modifications carried out to 
Dennery WTW.
Date Activity
Feb 1987
Jan - July 1987
Jan - Feb 1989
March - Dec 1989
Dec 1989
Jan - Nov 1990 
Dec 1990
Jan - May 1991 
Jan - July 1991
Aug 1991
Preliminary Activities
Slow Sand Filter 2 commissioned.
Gravel Prefilter introduced at inlet chamber 
Preliminary raw water study commenced.
Phase 1
Upflow Prefilter 1 constructed: deep gravel bed under sand.
Evaluation of SSFl and PFl: flow rates 0.24m^/m^/hr and 
3.3m^/m^/hr respectively.
Phase 2
SSF flow control chambers constructed.
Evaluation of SSFl and PFl.
Phase 3
Upflow Prefilter 2 constructed.
Evaluation of SSFl, SSF2, PFl and PF2.
Phase 4
Sand in SSFs replaced with local Dennery sand.
PFs covered with gravel to prevent contamination by birds 
bathing
Aug 1991 - May 1992 Evaluation of completed project and interventions
4 2.2.1. Preliminary
Since the sedimentation chamber was not contributing to the treatment of the raw water it was 
decided that the cheapest and most efficient step would be to convert it into an upflow 
prefilter. During the preliminary study three layers of media, each 150mm deep, were placed 
in the new prefilter. The media used in the lowest level ranged between 40mm to 50mm 
diameter gravel, the second layer being 18mm to 25mm diameter gravel and the top layer 
4mm to 7mm diameter gravel. The effect on turbidity reduction was a modest 5%, due to 
insufficient media depth and high flow rate (3.3m /^m /^hr).
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4.2.2.2. Phase 1
In order to improve pretreatment performance and hence increase the plant efficiency, it was 
decided to make some alterations to the prefilter. A filter manifold was constructed for more 
even flow distribution through the prefilter and alterations carried out to the pipe work. The 
media was supported on hollow concrete blocks (Eudovique, 1992). New media was also 
introduced as detailed below:-
900mm depth of 1 to 2.8mm diameter sand
150mm depth of 6 mm diameter gravel
300mm depth of 12 to 18mm diameter gravel
150mm layer of 25 to 50mm diameter gravel
Since prefilters main design parameter is their physical particle removal performance the 
evaluation of the single stage prefilter was based on the turbidity reduction. During this phase, 
the average reduction in turbidity across the prefilter was 60%, which considering the high 
flow rate of 3.3m^/m^/hr seemed to be a reasonable achievement. However, the average 
loading onto the slow sand filters was still 19NTU, still much too high for efficient and 
adequate performance.
The conclusions drawn from Phase 1 were that a single stage of prefiltration operating at a 
flow rate of 3.3 m^/m^/hr was insufficient to achieve a reliable quality of water with a turbidity 
loading onto the slow sand filters of less than lONTU. Since the loading onto the slow sand 
filters was high they were not able to achieve an effluent less than 5NTU with 0 Faecal 
Coliform/100 ml.
The overall results of the SSF effluents was an average turbidity of 6 NTU and 22cfu/100 ml. 
Another contributing factor to the poor SSF performance was the fact that there was no flow 
control chamber onto the SSFs. Reliable, steady conditions are fundamental requirements for 
good SSF performance. It was hence decided that the second phase of the study should be 
concerned with the construction of a flow control chamber leaving further amendments to the 
pre-treatment system for a later stage of the study.
4.2.2.3. Phase 2
A typical flow control chamber consists of two sections separated by a wall in which a weir is 
constructed. The overflow of the weir is designed to be at a greater height than the bed of sand 
to prevent the possible drying of the bed in extraneous circumstances. The weir ensures a 
constant flow rate through the SSF, being independent on the supply demand. Another
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advantage of this type of flow control chamber design is the beneficial aeration process of the 
effluent as it falls over the weir.
During this phase the average turbidity loading on the prefilter was 13.8NTU. This was 
reduced to 11.6NTU after prefiltration, giving an average pretreatment reduction of 16%. 
After slow sand filtration an effluent was produced with an average turbidity of 6.5NTU. The 
poor performance of the prefilter may have been caused by the reduced turbidity loading and 
continual high flow rate. However, the average Fæcal Coliform count in the prefilter was 
increased being 1 ITcfii/lOOml as opposed to 99cfu/100 ml recorded during Phase 1.
The results from this Phase showed that neither the prefilter nor the slow sand filters were 
attaining the required performance i.e. prefilter effluent < lONTU and slow sand filter effluent 
<5NTU. The high turbidity loadings on the slow sand filters caused by inadequate 
pretreatment performance was a major influence on their inadequate performance. However, 
since the single prefilter was operating at a flow rate of 3.3m^/m^/hr (much greater than 
recommended flows of less than 1.5m^/m^/hr) the results were not unexpected. In order to 
respond to this problem it was decided to construct a second prefilter in parallel with the first, 
whilst also reducing the total flow rate from 3.3m^/m^/hr to 2.7m^/m^/hr, i.e. the flow that 
more closely matched the water supply demand.
4.2 .2A  Phase 3
The second prefilter was constructed with a loaded surface area of 11.42 m^, giving a total 
prefilter loaded surface area of 22.42 m^. The flow rate was reduced to yield 1.4m^/m^/hr 
from prefilter 1 (PFl) and 1.3m^/m^/hr from prefilter 2 (PF2). The effluent from PFl was 
further treated by SSFl whilst PF2 effluent was treated by SSF2, this allowed greater 
operation flexibility. Commissioning of PF2 took place at the end of December 1990. The 
loading onto the SSFs was less than 5NTU (average 4NTU) during this phase, due mainly to 
the low raw water turbidity (average 6.9NTU) rather than high pretreatment performance.
Table 3:Turbidity Results for Phase 3
Turbidity
RAW PFl PF2 SSFl SSF2
Ave
(NTU)
Ave Ave 
(NTU) (% Red")
Ave
(NTU)
Ave 
(% Red")
Ave Ave 
(NTU) (% Red")
Ave Ave 
(NTU) (% Red")
Phase 1 47 19 60 / / 6 68 / /
Phase 2 13.8 11.6 16 / / 6.5 44 / /
Phase 3 6.9 4.2 28 4.7 31 4 19 4 16
Phase 4 9.5 8.3 12 8.2 13 8 4.1 7.7 5.7
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There was a marked difference in Fæcal Coliform reduction between the prefilters, PFl giving 
a reduction of only 18.6% whilst PF2 gave an average reduction of 81.2%. The difference in 
Faecal Coliform performance of the prefilters was probably due to poor washing of the older 
prefilter, resulting in saturation and breakthrough.
Table 4:Fæcal Coliform Results for Phase 3
Fæcal Coliform
RAW PFl PF2 SSFl SSF2
Ave
(cfu/
1 0 0 ml)
Ave
(cfu/
1 0 0 ml)
Ave 
(% Red")
Ave
(cfu/
1 0 0 ml)
Ave 
(% Red")
Ave
(cfu/
1 0 0 ml)
Ave 
(% Red")
Ave
(cfu/
1 0 0 ml)
Ave 
(% Red")
Phase 1 99 65 34 / / 2 2 6 6 / /
Phase 2 117 63 46 / / 14 78 / /
Phase 3 78.8 66.4 18.6 14.2 81.2 42.2 36.4 7.3 48
Phase 4 97 65 33 69 28.7 33.3 49 27 61
4.3. 1995: Dennery Plant Modifications
PFl was originally designed as a sedimenter chamber. In 1989 it was decided to convert the 
sedimenter into an upflow prefilter. Modifications were carried out on the tank which 
included the filling of the inlet chamber with concrete and altering the outlet design. PF2’s 
design was similar to the modified PFl, although increased loading surface area was achieved 
by the removal of the inlet chamber. The underdrain design of PF2 was also modified by 
sloping the floor towards the central outlet pipe. Details of these modifications are not shown 
on WASA drawings.
At the time of reporting, the quality of prefilter effluent from PFs 1 and 2 was still of an 
unsatisfactory standard. It was proposed that, by reducing the flow rate through the existing 
prefilters, an improvement in filter effluent quality may be attained. The new flow rates 
through PFl and PF2 were 1.4m^/m^/h and 1.3m^/m^/ respectively. A third prefilter was 
constructed in March 1995, in series with the existing prefilters in order to reduce the flow 
through the prefilters to less than Im^/m^/h.
4.3.1. Design and Construction of the Third Prefilter Tank
The existing prefilters (PFl and PF2) were designed and constructed by WASA in 1989 and 
1990 respectively. The same general design was used for the construction of the third prefilter 
(PF3), although modifications were essential in order to maximise the available loaded surface
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area and to consider alterations required for the construction of the underdrain floor.
Unlike PFs 1 and 2, the outlet chamber was constructed along the length of the longer wall. It 
had been decided that the prefilter effluent outlet should be opposite the raw water inlet in 
order to minimise the possibility of tracking occurring through the bed. Consequently, due to 
the positioning of the new prefilter, the inlet had to be constructed into the longer North facing 
wall. This was a minor disadvantage since it resulted in a slight loss of available loading area 
but was considered preferable to not having the inlet and outlet facing one another.
Figure 17. Pipe supports for concrete 
underdrain slabs
the new rectangular prefilter tank.
Modifications were also required 
as a result of the new underdrain 
design. Research carried out on a 
pilot plant at Thames Water’s 
Shalford WTW^ have shown good 
performance of upflow prefilters, 
designed and constructed with 
underdrain cavities. The pilot plant 
prefilters consist of circular tanks 
of approximate height and diameter 
1.3m. In the base of these prefilters 
underdrain cavities have been 
constructed in the form of a 
supporting, slotted floor. The floor 
supports approximately 0.5m of 
gravel whilst maintaining a cavity 
of approximately 0.3m. It is 
thought that this cavity not only 
encourages limited settlement of 
suspended solids but also improves 
the cleaning efficiency of the 
prefilter. As a result, a similar type 
of underdrain was designed for the 
new prefilter constructed at 
Dennery, incorporating an 
underdrain cavity into the base of
1. O D A  funded  pro ject, w ork  carried  out by  s ta ff  and  researchers o f  the C en tre  for E nvironm ental H ealth  E ng ineering , 
U n iversity  o f  Surrey , G uild fo rd , B ritain .
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The underdrain cavity was composed of 
reinforced concrete slabs, supported at 
the comers by plastic pipes (internal 
diameter 225 mm) filled with concrete 
(Figure 17.). A 70mm wide concrete 
ledge, of approximate height 300mm 
was constmcted around the inner face 
of the prefilter tank as support for the 
underdrain slabs which touched the 
internal walls (Figure 18.). Design 
details for the new prefilter are given in 
WASA drawings (contact Raphael 
Eudovique, WASA, Castries, St. 
Lucia). One final modification to the 
prefilter design was the slight camber 
of the prefilter floor towards the 
washout pipe. This was deemed 
necessary in order to prevent pooling 
occurring after washing of the prefilter.
Figure 18. Tank edge supports for concrete 
underdrain slabs
4.3.2. Design of Underdrain Slab
The external dimensions of the new prefilter tank were to correspond with the two existing 
prefilter tanks already constructed at Dennery WTW, i.e. Prefilters 1 and 2. The underdrain 
slab dimensions were determined from dimensions taken off the original WASA prefilter 
drawings. These drawing gave the internal tank dimensions to be 12’ by 10’6” (i.e. 3657.6 
mm by 3200.4 mm), allowing for slabs of length 622 mm and width 714 mm, in order to fit 
within the prefilter tank loading area. This original tank design allowed for 5 x 5 slabs to 
cover the surface area of the tank. However, due to changes in the design of the tank (i.e. the 
removal of the inlet chamber built for the old sedimenter), this was altered to give internal tank 
dimensions of 12’ by 12’6” (3657.6 mm by 3810 mm) allowing for 5 x 6 slabs. As mentioned 
in Section 3.1, modifications to the design were again required to allow the tank outlet be 
situated opposite to the tank inlet. The final internal dimensions of the tank were 9’7” by 
14’8” (2921 mm by 4470.4 mm) giving 4 by 7 slabs (Figure 19.).
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Figure 19. Underdrain slab layout
The underdrain slab was divided into assumed simply supported beam sections for analysis as 
shown in Figure 20.
A
B B B B B B B
Figure 2 0 . Method for Slab Calculations 
(Not to Scale)
Beams A were designed to be of length 
714 mm, width 90 mm and depth 90 
mm. The reinforcement area required 
was approximately 118 mm .^ Hence it 
was decided to use two lengths of 12 
mm bars (Sectional Area, Ag = 226 
mm )^.
Beams B were designed to be of length 
442 mm, width 102 mm and depth 90 
mm. The reinforcement area required 
was approximately 15 mm .^ Hence it 
was decided that one length of 8 mm 
bar (Ag = 50.3 mm )^ would be used.
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Figure 21. Manual placement of 
underdrain slabs
For ease of construction, the 12 mm 
bars were bent into four angles per slab, 
and connected so as to make a 
rectangle. The 8 mm bars were bent 
into ‘S’ shapes and fixed to the top of 
the 12 mm rectangle frame. For details 
of slab design, reinforcement details 
and shuttering details refer to 
APPENDIX II.
The cover available for the 
reinforcement and the possibility that 
the reinforcement would not be placed 
at the correct depth required that the 
slab was significantly overdesigned. 
Potential problems were foreseen due 
to the limited resources available, in 
terms of machinery and construction 
materials. All construction work and 
handling of slabs was to be carried out 
manually and so extra allowance for 
design safety was made (Figure 21.).
4.3.3. Construction Details for Underdrain Slab
It took two working days for an experienced carpenter to hand build four sets of formwork for 
the underdrain slabs. No complications arose during their construction, although delays 
occurred due to the timber suppliers being closed due to public holidays. The dove-tailed 
stmts, used to form the slots in the concrete slabs, were permanently screwed onto the board. 
The timber forming the sides of the formwork were bolted in place to allow for their removal 
during the striking out of the concrete slabs.
The constmction of the concrete slabs met with few problems. A rich mixture of concrete was 
used of ratio 1:2:3 (water: concrete: aggregate). The aggregate used was of nominal 10 mm 
diameter. The formwork was varnished and before each casting generously coating with 
releasing oil (improvised use of car engine oil). Concrete was poured into the formwork to a 
predetermined depth as shown by markings made on the inside of the formwork edge stmts 
(marked at a depth of 30 mm from base of the formwork). After the first layer had been 
sufficiently tamped the steel reinforcement bars were placed and worked into the concrete, the 
formwork was then filled flush to the top of the wooden stmts with concrete, tamped and 
leveled.
4 9 0
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Figure 22. Breaking out of concrete slab
The majority of the slabs were struck 
out after three days, after which time 
they were stored in the shade until the 
new prefilter tank had been 
completed. The newly poured slabs 
were kept damp for a minimum of 
one day, depending on the time of 
pouring and weather conditions. The 
method for striking out consisted of 
first removing the edge struts, then 
resting the slab vertically on a 
wooded block, while a thin length of 
wood was placed across the top of the 
dove-tailed struts and gently 
hammered to release the struts from 
the concrete slab. This method was 
devised by the employees of WASA 
based at Dennery WTW (Figure 22.).
The strength of the slabs was 
naturally increased after 
commissioning of the prefilter as a 
result of the contraction of the steel 
reinforcement bars within the slabs, 
due to the reduction in temperature.
4.4. Results
Although data were supplied by WASA for PF3, it was discovered that after departure of 
CEFIE staff from St. Lucia the prefilter had not been completely filled with cleaned and sorted 
filter media. A visit from a member of CEHE to Dennery WTW in August 1995, revealed that 
PF3 had only been half filled with gravel and the surface of the filter media not flat, in fact the 
filter media was observed to slope steeply at an angle of approximately 45°. Hence the results 
collected by WASA could not give a representative indication of filter performance since raw 
water was not passing through a sufficient depth of media and was able to pass through the 
prefilter with minimal (if any) treatment. Remarks were also made to the fact that the filter 
media had not been satisfactorily cleaned and sorted and was highly heterogeneous.
The new prefilter was said, by plant operators, to have favourable operational characteristics 
and could be efficiently cleaned by rapid draindown. However, further WASA, data for the 
period 5^  ^March to December 1998, indicated a mean turbidity removal across each of 
the three prefilters of between 7% and 9%. During this period, raw water turbidity was
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generally less than 5NTU with occasional sharp peaks of up to 70NTU.
Reasons for the disappointing performance of the new prefilter include lack of routing 
monitoring, unreliable raw water supply and lack of training and supervision of site operators. 
In addition, the raw water is characterised by high concentration of colloids, low nutrient 
levels and sudden sharp peaks in turbidity. Such raw water properties may not be suitable for 
treatment by biological systems (prefilters and slow sand filters). The potential limitation of 
multi-stage filtration systems to deal with such raw water characteristics must be considered.
4.5. Conclusions
A reliable assessment of the performance of the pretreatment system at Dennery WTW was 
not possible due to the uncompleted nature of the project. However, this in itself raises many 
important points. The first, and most important, is the monitoring and control of process at the 
treatment works. It is imperative that, if a good quality water is to be attained, improved 
supervision and plant control is necessary. There is a basic lack of training of the plant 
operators and inadequate support and surveillance by trained personnel. Slow sand filters are 
a safe and reliable water treatment process, but are not immune to performance and 
operational problems.
The plant operators need to be taught the basics of filtration processes in order for them to gain 
an understanding of the importance and relevance of plant control and operation. 
Fundamental is the necessity to control the flow through the system, in order to prevent the 
uncontrolled by-passing of filter beds, or changes in flow rates, that may result in disturbance 
of deposited media and breakthrough of contaminants deeper into the treatment system. If the 
total lack of control of flow rates is allowed to persist, improvements to the filter removal 
performance will be limited if at all noticeable. Records of cleaning times, flow rates, water 
quality at sampling points and problems arising must be kept and analysed,. Such 
documentation should be referred to both by the plant operator (Mr. Alcid), zone operator (Mr. 
Richards) and production engineer in charge (Mr. Eudovique).
The frequency of prefilter cleaning was questioned and recommendations made that cleaning 
should be limited to every 2 to 3 days if turbidities are less than 10 NTU and only daily if 
turbidities exceed this value. This is to allow the particles in the prefilters to recover and settle 
after cleaning has occurred. Cleaning frequencies may possibly be further reduced if 
enhanced prefilter performance is observed and if the cleaning technique used is proved 
effective enough to prevent saturation of the filters.
Doubts were also voiced concerning the cleanliness of the slow sand filter media, and the 
saturation and appropriateness of the underdrain support system. It was noticed during drain 
down of the slow sand filter beds, that the surface of the sand was uneven, sloping towards the 
outlet pipe. This may cause tracking through the filter bed, resulting in effluent quality 
problems.
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Appendix B Dennery Prefilter 3 Design Plans
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3. 90 X  50 X  714 mm 4. 90 X 50 X 750 mm
All drawing dimensions in mm, drawings not to scale
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1. Parnaby, Doctorate of Engineering courses attended this 
period:-
1. Communication and Leadership Skills, Life Cycle Analysis. 4^ h Oct 1993
2. Life Cycle Analysis. 8^ Nov. 1993
3. Global Monitoring. 10^ Jan. 1994
4. Risk Perception. 21 st March 1994
5. Water Treatment, Supply & Quality Control. 28^ Feb. 1994
2. Shalford Pilot Plant
2.1. Introduction
A research project is currently being carried out by the staff of the Centre for 
Environmental Health and Engineering, University of Surrey. The project is concerned 
with the D e v e l o p m e n t  a n d  I n t e g r a t i o n  o f  S m a l l  S c a l e  M u l t i s t a g e  T r e a t m e n t  o f  D r i n k i n g  
W a t e r ,  and is funded by the Overseas Development Administration (ODA). The aims of 
the project are summarised below:-
1. To develop a technology which produces safe and sustainable water supplies in 
developing countries.
2. To treat grossly polluted surface water by means of multistage filtration and 
terminal disinfection.
3. To provide a technology and design matrix for medium to small scale treatment.
4. To demonstrate that multiple filtration produces safe water when challenged with 
a wide concentration and range of pollutants.
5. To demonstrate and improve upon any deficiencies in treatment identified, using 
filter fabrics and activated carbon where necessary.
Research work is being carried out on a pilot plant at the Thames Water, Shalford 
Water Treatment Works near Guildford, Surrey. The pilot plant was constructed in the 
summer of 1993, by staff and researchers of the Centre for Environmental Health and 
Engineering. The author of this research project is primarily concerned with the 
investigation of particle size distribution and removal through the multistage filtration 
pilot plant The particle distribution wül be monitored via turbidity testing, suspended 
solids testing and particle size measurements (using a Coulter Counter) at stages 
throughout the treatment system.
2.2. Description of the Shalford Pilot Plant
A schematic plan of the Shalford pilot plant is shown in Fig 2.1. A tapping from the 
main works’ raw water inlet discharges into the supply tank, the raw water is pumped 
up to the header tank via two pumps (Flygt, Model BS400 1 lOv Iph 50Hz) and 
allowed to feed under gravity into the first prefilter (due to limitations with the raw 
water supply only one row of prefilters has been connected). Overflows are 
incorporated in the supply tank, header tank and first prefilter tank. The overflow from 
the header tank connects back into the supply tank whilst all other overflows feed to the 
waste drain.
A stepped platform was built from railway sleepers in order to achieve a head of 
approximately 0.254 m between each prefilter and 0.508 m between the third prefilter 
and the slow sand filters, to support gravity flow. Each run of prefilters consists of 
three upflow, gravel prefilters (PF) in series containing different media sizes, reducing 
from 40 mm (PFl) to 20 mm (PF2) to 10 mm (PF3), nominal diameter. Flow between 
the prefilters is controlled by valves at the inlet to the first prefilter. PFl has an 
overflow, installed as a precautionary measure. PVC underdrain supports were 
designed and are used to support the gravel media of approximate depth 0.5 m.
Figure 2.2 shows the underdrain design.
The water from the prefilters flows into a manifold tank where it is distributed to the 
three slow sand filters (SSF). The slow sand filters are enhanced with layers of a 
geotextile fabric. SSFB and SSFC contained 300 mm and 500 mm of sand 
respectively, enhanced by six layers of geotextile fabric each. The sand in each tank is 
supported by a bed of shingle to give a combined sand and gravel depth of 600 mm. 
For Run 1 SSFA contained 100 mm depth of sand and 500 mm of gravel support, 
covered with six layers of a geotextile fabric secured on the surface of the sand. The 
sand and gravel support base were removed for Run 2 and an extra six layers of fabric 
added, giving a total of twelve layers of fabric.
The flow into the SSFs are distributed via adjustable arms tapped into the top of each 
tank. Flow control through each SSF is maintained via valves at the outlet of each tank, 
with all excess flow going to waste via overflows.
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2.3. Run Periods - October to March 1994
During this period, two slow sand filter runs have taken place at the pilot plant 
constructed at Shalford Water Treatment Works:— Run 1 began in August, 1993 and 
ended in December, 1993. Run 2, began in January, 1994 and ran until the end of 
March, 1994.
2.3.1. Run 1
Run 1 lasted 108 days. The prefilters were commissioned seven days before the slow 
sand filters, to allow for the maturation of the prefilters. Daily monitoring of Fæcal 
Coliforms, Total Coliforms and Turbidities of water samples was carried out.
Water samples were taken at seven stages through the pilot plant (refer to Figure 2.1).
Both ambient and water temperatures were recorded. Flows through the fabric- 
protected slow sand filters were monitored and adjusted when necessary, maintaining a 
loading rate of 0.15 m/h. The flow rate through the prefilters was maintained at 
approximately 1.2 m3/m2/hr.
In December it was necessary to shut down and clean the three slow sand filters.
During the cleaning period the prefilters were left running. Cleaning of the filters 
entailed removing the protective fabric layers and bmshing them vigorously under 
running water until no more dirt could be removed. Any visibly dirty patches of sand 
were removed from SSFs B and C, these filters were then re-sanded in order to restore 
the sand depths to 300 mm and 500 mm respectively. The 6 layers of geotextUe fabric 
were replaced in SSFs B and C. Slow sand filter A, which previously contained 
100 mm depth of sand, was dug out completely (including supporting gravel) and 
converted to a ‘fabric-only’ filter, containing 12 layers of geotextUe fabric.
Whilst the plant was decommissioned, modifications were made to the manometer 
tubes and valves added to the header tank. Prefilters were cleaned by a series of 
backwashes, and studies were made on the suspended solids present in the washings 
with respect to time.
One bacteriophage dosing experiment was performed during Run 1 (see Chapter 2.4. 
Experimental Methods). This employed a method of spiking both the raw water supply 
and the body of water in the manifold tank (which supplies the slow sand filters) with a 
bacteriophage sample. Samples were taken every ten to fifteen minutes over a five hour 
period.
Investigations into biological processes in multistage treatment were commenced The 
protozoa present in the raw water were monitored using plastic petri dish samplers. 
These were placed in the raw water tank for five days. After this time, the sançlers 
were removed from the tank and microscopy was performed on the population of 
protozoa which had attached to the plastic surface of the dishes.
Work was commenced on setting up a laboratory method for the assessment of virus 
removal by protozoa.
2.3.2. Run 2
Run 2 commenced in January, and ran for 46 days. On recommissioning, routine 
monitoring proceeded as in Run 1, but additional head-loss monitoring was carried out 
using the improved manometers. Routine suspended solids monitoring of all seven 
samples began in February.
Two more bacteriophage dosing experiments were completed, each involving the 
continuous pumping of a bacteriophage suspension into the raw water tank and 
sampling over a period within which the system reached a steady state.
2.4. Experimental Methods
2.4.1. Turbidity
Turbidity in water is caused by the presence of suspended matter. Turbidity is an 
optical property of a sample; it is an expression of the amount of light that is scattered 
and absorbed rather than transmitted in straight lines through a sample.
Turbidity measurements were taken using a portable turbidimeter (2100P Camlab, 
Cambridge) which read to an accuracy of 0.01 NTU.
2.4.2. Fæcal Coliforms and Total Coliforms
Coliform tests are carried out to assess the levels of contamination in a sample. Total 
coliform samples are incubated at a temperature of 37 °C, whilst faecal coliform tests 
are carried out at 44.5 °C. The faecal coliform test uses elevated temperatures in order to 
seperate the organisms originating from faecal contamination from those derived from 
non-faecal sources.
Faecal coliforms and total coliforms were measured using the membrane-filtration 
method. Membrane lauryl sulfate broth was used for the media. ( S T A N D A R D  
M E T H O D S  f o r  t h e  E x a m i n a t i o n  o f  W a t e r  a n d  W a s t e w a t e r .)
2.4.3. Suspended Solids
This is a gravimetric measurement of the amount of suspended matter in a sample. Full 
details of the test method and definitions are given in Appendix 1 (Ref: S t a n d a r d  
M e t h o d s  f o r  t h e  E x a m i n a t i o n  o f  W a t e r  a n d  W a s t e  W a t e r ,  American Public Health 
Association; 15^ Ed.; 1985).
2.4.4. Bacteriophage Experiments
The aim of the bacteriophage test was to monitor the efficiency of the treatment system 
in relation to the removal of viruses. Viruses transmitted to humans by water generally 
belong to the enteric virus group. The diameter of these viruses ranges between 15 to 
100 nm (Grabow 1994, Water Quality International). However, the detection of enteric 
viruses in water samples is relatively complicated and expensive. Bacteriophage can be 
used as a surrogate and tests carried but in a simple laboratory. At this stage it is not 
intended that the phage used for the test should act as a surrogate but that the general 
virus removal efficiency should be assessed.
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Bacteriophages are viruses which use bacteria as hosts in which to replicate. Many 
phages closely resemble human viruses in terms of structure, composition, size and 
behaviour in a water environment. The benefits of using bacteriophage, as opposed to 
enteric viruses, are firstly the relative cheapness of the test, secondly the preparation 
and detection of bacteriophages can be easily carried out in a simple microbiology 
laboratory and finally the results can be obtained reasonably quickly, i.e. with 
overnight incubation.
The bacteriophage work was undertaken by C. Jones, Centre of Environmental Health 
and Engineering.
2.4.5. Investigation of other Biological Processes 
Clean sand samples and sandlamples taken from SSFs B and C were compared in 
order to assess the significance of protozoal grazing on the removal of coliforms in the 
slow sand filters.
This research work was undertaken by S. McMath, Centre of Environmental Health 
and Engineering.
A brief summary o f the results obtained from the phage tests and bacteriological investigations will be 
included since they are relevant to the monitoring of the pilot plant performance. However, these results will 
not be discussed in this report.
2.5. Results
The results for Runs 1 and 2 are given in graphical form in Figures 1 to 26.
Appendix 2 gives the full numerical results obtained for Runs 1 and 2.
2.5.1. Turbidity
Figures 1 and 2 give the overall turbidity readings throughout Runs 1 and 2 
respectively (represented using a logarithmic scale for ease of viewing). Throughout 
both runs, it can be seen that there was a close relationship between the turbidity of the 
influent (raw) water and the turbidity of the water leaving the prefilters. The mean 
turbidity reduction across the prefilters was 62% in Run 1 and 65% in Run 2 (see 
Figures 3 and 5). Average turbidities were:- PFl 10.4 NTU; PF2 7.6 NTU and 
PF3 5.8 NTU for Run 1, andTor Run 2:- PFl 15.9 NTU; PF2 10.5 NTU and 
PF3 5.9 NTU.
Mean turbidity reductions through the SSFs for Run 1 were:- SSFA 82%; SSFB 85% 
and SSFC 89% (see Figure 4). In Run 2 the corresponding values were:- SSFA 66%; 
SSFB 90% and SSFC 89% (see Figures 6). It can be seen from Figures 7 and 8 that 
turbidities of treated waters firom aU three slow sand filters during Run 1 were very 
similar. Average turbidities were: SSFA 0.46 NTU; SSFB 0.39 NTU and 
SSFC 0.24 NTU. In Run 2, the fabric only filter (SSFA ), gave a noticeably poorer 
treatment performance than SSFs B and C (see Figures 9 and 10). In this run, the 
fabric only filter produced water with a mean turbidity of 2.2 NTU, whereas the 
equivalent value for SSFB was 0.79 NTU, and for SSFC 0.75 NTU. It must be noted 
that averages for both runs incorporate only a few turbidity readings greater than the 
WHO guideline limit of 1 NTU. This phenomenon occurred during periods of high raw 
water turbidities brought about by extremely heavy rainfall and subsequent high levels 
of surface ruii-off.
2.5.2. Suspended Solids
Figures 11 and 12 give the Suspended Solid levels through the prefilters and slow sand 
filters for Run 2. The mean suspended solid levels through the prefilters were:- 
PFl 12.5 mg/1; PF2 7.8 mg/1 and PF3 4.2 mg/1. The mean reduction in suspended 
solids through the prefilters was 77%.
The mean suspended solid levels for the slow sand filters during Run 2 were:- 
SSFA 1.5 mg/1; SSFB 1.0 mg/1 and SSFC 1.4 mg/1. The mean reductions through the 
slow sand filters were :- SSFA 59.9%; SSFB 67.1% and SSFC 41.5%.
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2.5.3. Fæcal Coliform
Figures 15 and 16 give the overall Fæcal coliform counts throughout Runs 1 and 2, and 
Figures 17 and 18 give the counts from the slow sand filters for each Run. Mean fæcal 
coliform reductions across the prefilters were 75% in Run 1 and 79% in Run 2 (see 
Figures 19 and 21). The mean Fæcal Coliform counts through the prefilters for Run 1 
were:- PFl 379.1 cu/lOOml; PF2 247.2 cu/lOOml and PF3 226.7 cu/lOOml. For Run 2 
the corresponding mean Fæcal Coliform counts were:- PFl 427.2 cu/100ml;
PF2 275.2 cu/100ml and PF3 159.8 cu/lOOml.
Mean reductions through SSFs during Run 1 were SSFA: 93.7%, SSFB: 94.1% and 
SSFC: 97.6% (see Figure 20). The mean Fæcal Coliform counts through the slow sand 
filters were:- SSFA 10.6 cu/l(X)ml; SSFB 8.5 cu/lOOml and SSFC 3.2 cu/100ml for 
Run 1. The corresponding reductions for Run 2 were 53.0%, 89.7% and 89.8% for 
filters A, B and C respectively (see Figures 22). For Run 2 the mean Fæcal Coliform 
counts were:- SSFA 78.4 cu/100ml; SSFB 24.3 cu/100ml and for SSFC 27.1 
cu/lOOml. From these figures, it can be seen that the removal of the 100 mm sand depth 
dramatically lowered the filter’s ability to remove microbial contaminants from the 
water.
Results for the phage tests have also been included (see Figures 23 to 26). The results 
will not be discussed here as they are not part of this research project, although they are 
relevant to the assessment of the pilot plant performance.
Graphical representation of the total coliform results has not been included.
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Fig. 7: Turbidity levels in the inlet and treated waters
from the slow sand filters for the duration of Run 1
50
SSFA
SSFB
SSFC
40
30
2 0
1 0
60 80 100 120
0
400
Day No.
Fig. 8: Turbidity levels in the treated waters from the 
slow sand filters for the duration of Run 1 (log scale)
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Fig. 9: Turbidity levels in the inlet and treated waters
from the slow sand filters for the duration of Run 2
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Fig. 10: Turbidity levels in the treated waters from the 
slow sand filters for the duration of Run 2 (log scale)
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Fig. 11: Suspended Solid levels in the Raw
and Prefiltered Water During Run 2
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Fig. 15: Faecal coliform levels at all sampling 
stages for the duration of Run 1 (log scale)
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Fig. 16: Faecal coliform levels at all sampling 
stages for the duration of Run 2 (log scale)
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Fig. 17: Faecal colifonn levels in the treated waters from the
slow sand filters for the duration of Run 1 (log scale)
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Fig. 18: Faecal colifonn levels in the treated waters from 
the slow sand filters for the duration of Run 2 (log scale)
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Fig. 20: Percentage Reductions of Faecal coliforms 
Through Slow Sand Filters for the Duration of Run 1
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Fig. 22: Percentage Reductions of Faecal coliforms 
Through Slow Sand Filters for the Duration of Run 2
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Fig. 23: Phage counts through prefilters 
during Run 1 phage dosing experiment
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Fig. 25: Log Phage levels throughout Pilot Plant 
after steady state dosing during Run 2 (17/2/94)
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2.6. Discussion
2.6.1. Turbidity
Raw water turbidities were much more varied during Run 2. This was due to the onset 
of winter rains and subsequent run-off from the catchment area carrying solids into the 
Tillingboume River. On some occasions, the turbidity was further increased by large 
quantities of excavated soil from road works being washed into the river.
The prefilters were seen to be more efficient in terms of turbidity reduction during Run
2. This was probably due to the increased maturation of the prrefilter units. The mean 
turbidity loading on the prefilters was higher for Run 2, during which higher 
performance efficiencies were recorded. The turbidity of the effluent from PF3 was 
very similar for both Runs, being 5.8 NTU for Run 1 and 5.9 NTU for Run 2.
The performance of SSF B during Run 2 was slightly better than that of Run 1, whilst 
the performance of SSF C effectively remained unchanged. The performance of the 
fabric filter, SSF A was considerably poorer than the 100mm sand/fabric filter utilised 
in Run 1.
2.6.2. Suspended Solids
In Figure 13. it can be seen that on day 9 of Run 2, there was a marked decrease in the 
performance efficiency of the prefilters. This corresponded to the cleaning of the 
prefilters, which resulted in disturbed sediments. It is interesting to note that the peaks 
in suspended solid levels in the prefilters, follow a similar pattern to the peaks in 
turbidity values. However, there was more variation during periods of more constant 
suspended solid and turbidity loadings.
The overall removal efficiency of SSFC for Run 2 was much less than those of SSFs A 
and B. The general performance of SSFC was good, often attaining the highest 
performance efficiencies, however there were greater variations in the results. The 
variations did not correspond to variations in suspended solid levels coming from PF3. 
The reasons for the poor performance of PF3 are, as yet, unknown. It is suggested that 
it may be an operational fault with the sampling point of SSFC. Research into these 
results will continue during the next period.
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SSFA fabric filter gave good suspended solids reduction during Run 2, although levels 
were slightly greater than those obtained for SSFs B and C. The ability of SSFA to 
remove suspended solids seemed to be much better than its ability to reduce turbidity 
levels. Although this may have resulted from minor variations in the testing procedures, 
it could point to a relationship between performance efficiency and particle size.
There was no obvious relationship between suspended solid levels and turbidity values 
through the slow sand filters, illustrated by the variation in results obtained for SSFC. 
In particular the variations in performance efficiency for suspended solids reduction 
through SSFC were not present in the corresponding turbidity results. One reason for 
the disparities in results may be that the denser particles settled during the turbidity 
testing, although the samples were agitated prior to testing. A flaw with this argument 
is that the particulate matter from the effluent of the SSFs was believed to be smaller 
than that of the PF effluent and hence less likely to settle. Coulter Counter tests during 
the next period will confirm this assumption.
Another source of inaccuracy was the sample volumes used. For turbidity tests, 20 ml 
samples were used while for the suspended solids, slow sand filter tests volumes of 
about 600 ml were used. This should theoretically have resulted in more representative 
results for the suspended solids measurements. However, due to the low values of 
suspended solids in the SSF effluent the results obtained were of low accuracy. The 
majority of the results yielded suspended solid levels less than 2.5 mg for the samples 
tested. It is recommended in the Standard Methods that for all suspended solids tests 
the weight of residue retained should be greater than 2.5 mg.
In general, a meaningful correlation between turbidity and suspended solids is unlikely. 
The size, shape and refractive index of the particulate matter is of utmost importance for 
turbidity measurements but bears little relationship to the concentration and specific 
gravity of the suspended matter.
The next period will concentrate on particle size distribution analysis. This will run 
parallel with turbidity and suspended solids tests. Investigations will be made into 
discrepancies in trends between results and test procedures will be analysed.
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2.6.3. Faecal Coliform
The running in period for Run 2 was much longer than for Run 1, which was probably 
due to the fact that Run 2 commenced in January, when the formation of a biologically 
active film in the filters would be slower. This could probably explain why treatment 
efficiencies for SSFs B and C were lower during this run.
It is clear that both the fabric-protected slow sand filters gave a much better treatment 
performance than the fabric only filter. When Run 3 is commissioned, this filter will be 
fitted with 6 layers of fabric, in order to be able to assess the contribution that the fabric 
makes to treatment when compared directly with the two fabric-protected slow sand 
filters.
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3. Work Relating to the Diploma Course
A six month, diploma course was run at the University of Surrey, between October 
1993 and March 1994. The course title was T h e  M a n a g e m e n t  a n d  S c i e n t i f i c  A s p e c t s  o f  
W a t e r  S u r v e i l l a n c e  a n d  Q u a l i t y  C o n t r o l . This Course was run specifically for students 
from Developing World countries, the Course Supervisor was Dr. Barry Lloyd.
3.1. Modules Attended
The diploma was composed of weekly modules. Some lectures of these course 
modules were considered relevent to the author’s research project The lectures attended 
are listed below:- —
1. Bacteria, Protozoa & Viruses in Water. 8th Nov. 1993
2. Groundwater Chemistry and Field Testing. 15th Nov. 1993
3. Epidemiology of Water-related Diseases, 17th Jan. 1994
4. Community Hygiene and Promotion. 24th Jan. 1994
5. Legislation, Regulation & Monitoring. 31st Jan. 1994
6. Water Treatment, Supply & Quality Control. 28th Feb. 1994
3.2. Teaching Responsibilities
The author was responsible for the supervision and training of the diploma students 
during the outdoor leadership course exercises.
A sanitary survey form was designed for the assessment of water treatment plants. This 
form was used by the diploma group during a visit to the Thames Water, Ashford 
Common Water Treatment Plant. The form is applicable for use in the assessment of 
other treatment plants, not only in Britain but also overseas, although some 
modifications may be required depending on the treatment system under inspection.
The survey form is detailed in Appendix 3.
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4. Overseas work
4.1. St. Lucia - WASA
A ten week visit was made to St. Lucia, West Indies in July to October 1993. Research 
into the organisation and management of the islands Water And Sewerage Authority 
(WASA) was carried out. Surveys were made of some of WASA’s water treatment 
plants. Further work involved the construction and monitoring of a multistage filtration 
püot plant. Details of the work undertaken are given in ‘H e l e n  E v a n s ;  S t .  L u c i a  R e p o r t  
N o .  1 ;  2 2 n d  J u l y  t o  3 r d  O c t o b e r  1 9 9 3 *  (CEHE internal Report).
4.2. Colombia - CINARA
In the next period a visit will be made to the C e n t r o  I n t e r - r e g i o n a l  d e  A b a s t e c i m i e n t o  y  
R e m o c i o n  d e  A g u a  ( C I N A R A )  based in Cali, Colombia. This visit will include 
laboratory work concerned with Suspended Solids testing. The aim will be to devise a 
method for suspended solids testing that may be used to monitor the particle size 
distribution throughout a multistage treatment plant
A survey of some water treatment plants will be made in order to build up an 
understanding of the treatment techniques used and their appropriateness to the 
community in which they are implemented. The survey wiU include an analysis of the 
problems encountered and propose possible solutions. An understanding of the history, 
geography and political and cultural aspects of Colombia will also be gained, and their 
relevance to the problems of implementing water treatment plants.
A report of the visit will be included with the next six-monthly report.
4.3. Africa/Bangladesh - OXFAM
Discussions are presently underway with OXFAM relating to the water storage tanks 
used for emergency water supply. These tanks are generally used for chemical batch 
treatment of water or for water storage. It is intended that the tanks may be adapted to 
allow biological treatment using the multistage treatment principle,a principle 
component will be the construction and testing of an up-fiow prefilter.
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During the next period an OXFAM tank will be constructed at Surbiton, Surrey. 
Routine monitoring of the performance of the tank will take place.
The aim is to develop a water treatment system appropriate for implementation into 
refugee and relief camps throughout the world. Biological treatment is believed to be 
preferable to chemical treatment due to the simplicity of operation and the reduced cost 
of running, as no chemicals are required during the treatment process (apart from 
tertiary disinfection).
The research work may result in the modified OXFAM tanks being deployed in refugee 
camps in Africa during the next period. Staff of the Centre for Environmental Health 
and Engineering may be required to assist in the installation of these tanks in refugee 
camps that have established in been Africa (possibly Tanzania or Angola) or 
Bangladesh.
3 0
5. Priority tasks during next reporting period:
The pilot plant at Shalford Water Treatment Work, will be run and maintained and the 
slow sand filters and fabric-only filter cleaned when the head-loss dictates. Further 
prefilter cleaning will be carried out at predetermined intervals, and a study made to 
de#termine the optimum cleaning frequency for the filters.
The second line of prefilters has yet to be commissioned, due principally to supply 
restrictions. It is hoped that this problem will be resolved in the next reporting period. 
Work on the physical and biological aspects of filtration wiU continue, with particular 
emphasis on the mechanisms operating in the prefilters.
Work win commence to assess the systems chemical treatment performance, in 
particular the ability of the pilot plant filters to remove micropollutants present in the 
raw water. Phage dosing experiments will continue, and will be used to assess any 
changes the presence of micropollutants make to biological treatment efficiencies.
Suspended solid measurement of the püot plant wiU continue. This wiU include 
monitoring the suspended solids present in the samples taken throughout the püot plant 
and those present in the wash out effluent of the prefüters.
A Coulter Counter wül be purchased during the next period. A three day training course 
wiU be attended. Research work wül concentrate on the routine monitoring of particle 
size distribution and number for the seven sampling points of the Shalford püot plant 
An assessment of the particle size distribution with respect to the media size wül be 
made. It is also hoped that research can include the effect of different flow rates through 
the prefilters and slow sand filters.
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APPENDIX 1
Suspended Solids
Suspended Solids (SS^
Definitions :
Total residue - material left in a vessel after evaporation of a sample and it’s 
subsequent drying in an oven at a defined temperature.
Nonfilterable residues (‘suspended’) - portion of total residue retained by a filter. 
Filterable residue (‘dissolved’) - portion of total residue that passes by a filter.
Drying Temperature :
Residues dried at 105 °C may retain water of crystallisation and some mechanically 
occluded water. Loss of CO2 will result in conversion of bicarbonate to carbonate. 
Loss of organic matter by volatilisation wiU usually be very slight at this temperature. 
Because removal of occluded water is marginal at 105 °C, attainment of constant 
weight is very slow.
Sample Handling and Preservation :
Non homogeneous particulates (leaves, sticks, fish and large matter) should be 
excluded from the sample. Analysis should start as soon as possible due to 
impracticality of preserving the sample.
Interference :
Too much residue on the filter will entrap water and may require prolonged filtration 
time, i.e. visually high turbidity. It may also result in clogging of the filter leading to 
the retainment of some of the finer particles and hence yielding inaccurate results.
Apparatus ;
Glass Microfibre Filters (Whatman GF/C*, 4.7 cm diameter)
Filtration apparatus including; Filter holder (for 4.7 cm filters)
Suction flask
Petri Dishes (preferably with a hole drilled in the centre to aid drying)
Drying oven (set at 105 °Q  
Desiccator
Analytical balance (to 0.0001 g accuracy)
Method :
1) Place filters in petri dishes and dry in oven at 105 °C (minimum of 1 hour).
2) Transfer petri dishes to desiccator and cool (minimum 30 minutes).
3) Weigh petri dishes with filters, ensure dishes are cool and of constant weight
4) Filter samples, starting with low turbidity samples (say 250 ml vols, for prefilters; 
generally 500 ml for low turbidity samples and 100 ml for high turbidity, 
preferably samples to give > 2.5 mg residue). Rinse filter holder after each sample 
using particle firee water.
5) Dry samples in oven at 105 °C (minimum of 1 hour or overnight).
6) Transfer samples to desiccator and cool (minimum 30 minutes).
7) Weigh samples, ensure dishes are cool and of constant weight
Interpretation of Results :
SS o r  = ( B - A ) xlO^mg/L 
C
where : A = Weight of dry petri dish and filter before filtering (g)
B = Weight of dry petri dish and filter after filtering (g)
C = Volume of filter sample (mL)
APPENDIX 2
Shalford Pilot Plant 
Numerical Results for Runs 1 and 2
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APPENDIX 3
Sanitary Inspection Survey Form
S a n ita ry  In sp ectio n  S u rvey  F orm
1.General
Date
A gency
Treatment Plant
Area and Population 
serv ed
Type of Treatment
Supply...Capacity.......................
2.Intake
Type of water source:
Is intake adequate Yes No 
wr t :
Q uantity  I  I I I
Physical Quality I I I I
Intake screening I I I I
Debris removal I I I I
Structure m aintenance I  I I I
Security from Pollution | | I I
O ther I I I I
Comments
Sample taken (Yes/No) ? NTU:............................  FC count:
3.Treatment Process
Pre treatment
G abions
Present
Yes Nji 
□  □
treatment
No of 
uni ts  
Yes Njû
□  □
adequate wrt: Comments
Maintenance
■Y.g..s NLfl 
□  □
S c re e n □  □ □  □ □  □
Presedimentation □  □ □  □ □  □ Retention time <2hrs?
O ther □  □ □  □ □  □
Secondary
Treatment
P re f i l te r s □  □ □  □ □  □
Flow Control □  □ □  □ □  n upstream/outlet?
Slow Sand Filters □  □ □  □
1 1 1 1 blocked,bypass,sand<60cm,flow
O ther □  n □  □ □  □
Tert iary  
T reatment
D isin fec tio n □  □ □  □ □  □ type & dosage
O ther □  □ □  n □  □
Samples taken
Pretreatment (Yes/No) ? NTU 
2^y treatment (Yes/No) ? NTU 
3^y treatment (Yes/No) ? NTU
FC count:...............
FC count:...............
FC count:...............  CI2 residual:
Name of surveyor. ; ........................................................................................
Name of plant supervisor...............................................................................
Are sand storage & washing facilities available?.........................................
Are buildings and grounds adequately maintained?......................................
Is the plant fenced and locked and secure from animals?..........................
Are records kept on;
daily running procedures : ( Yes/No).....................................................
cleaning:(Yes/No).  ..........................................................................
maintenance: (Yes/No)........................................................................
disinfection: ( Y es/No).........................................................................
problems/complaints:(Yes/No)............................................. .............
Have previous Inspection Corrective measures been carried out? . . . .  
Are staff numbers adequate (state numbers and hours/shifts worked)?
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2. Shalford Pilot Plant
2.1 Introduction
The staff of the Centre fo r  Environmental Health Engineering, University of Surrey is 
concerned with research into the Development and Integration o f  Small Scale Multistage 
Treatment o f  Drinking Water, a project funded by the Overseas Development Administration 
(ODA).
Research work is being carried out on a pilot plant at the Thames Water Shalford Water 
Treatment Works near Guildford, Surrey. The pilot plant was constructed in the summer of 
1993, by staff and researchers of the Centre for Environmental Health Engineering. The author 
of this research project is primarily concerned with the investigation of particle size distribution 
and removal through the multistage filtration pilot plant. The particle distribution is monitored 
via turbidity testing, suspended solids testing and particle size measurements (using a Coulter 
Counter) at seven stages throughout the treatment system.
2.2 Description of the Shalford Pilot Plant
A full description of the pilot plant is given in the Six Monthly Report fo r  the Period October
to March 1994, submitted by Helen Evans (Research Engineer) for the partial fulfilment of 
the Engineering Doctorate in Environmental Technology. A schematic plan of the Shalford pilot 
plant is shown in Fig 2.1.
The pilot plant consists of eleven tanks: a supply tank, a header tank, two rows of three upflow 
prefilters and three Fabric Enhanced Filters (FEF). Each run of prefilters consists of three 
upflow gravel prefilters (PF) in series containing different media sizes, reducing from 40mm 
(PFl) to 20mm (PF2) to 10mm (PF3), nominal diameter. Valves at the inlet to the first prefilter 
control flow between the prefilters. PFl has an overflow, installed as a precautionary measure. 
PVC underdrain supports were designed and are used to support the gravel media of 
approximate depth 0.5m.
The water from the prefilters flows into a manifold tank where it is distributed to the three fabric 
enhanced filters. These filters have been adapted from slow sand filters that have been enhanced 
with layers of a geotextile fabric. FEFB and FEFC contained 300mm and 500mm of sand 
respectively, enhanced by six layers of geotextile fabric each. The sand in each tank is supported 
by a bed of shingle to give a combined sand and gravel depth of 600mm. FEF A consists of six 
layers of geotextile fabric only, supported by a plastic support frame.
The flow into the FEFs is distributed via adjustable arms tapped into the top of each tank. Flow 
control through each FEF is maintained via valves at the outlet of each tank, with all excess flow 
going to waste via %" overflow pipes. All pipe connections between the supply tank and header 
tank are made with 2" diameter pipes, all remaining pipes are of 1/4" diameter.
The nomenclature used for tlie secondary treatment tanks has been altered in tliis report from SSF to FEF. Previous projects have research into the 
development of Slow Sand Filters (SSF), these filters have since been enhanced with layers of fabric. Since the first filter no longer contains any 
sand this nomenclature was no longer considered appropriate. Hence the abbreviation FEF has been introduced to represent Fabric Enhanced Filters.
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2.3 Calculation of flow rates
Required flow rates:-
Flow through Fabric Enhanced Filters = 0.15mVm^/hr.
Flow of effluent from Prefilters = 0.7m^/hr
The internal diameter of the POTAPAK tanks used for the fabric enhanced filters at the surface 
of the fabrics is approximately 1.28m whilst the internal diameter of the fabric support ring is 
approximately 1.05m. Since the majority of the treatment occurs at the surface of the fabric 
exposed to the water, the area used to calculate the required flow out of the enhanced filter
effluent pipe is that area enclosed by the fabric ring support.
Therefore, the required effluent flow from the enhanced fabric filters is:-
Flow,Q = V X A Area = 7C xl .05^/4 = 0.87m^
Q = 0.87 x^ .l5  = 0.13m^/hr
The flow through the prefilters is constrained by the total supply flow to the pilot plant. This 
supply is variable, normally being less than ImVm^/hr (16 1/min). Due to the supply flow not 
being consistent it was decided to set the effluent flow from the prefilters at approximately 
0.7m^/hr (121/min.). To determine the average loading through the prefilters an average 
diameter of 1.28m was taken for the POTAPAK tanks.
Therefore, the loading rate on the prefilters is:-
V = Q/A Area = 7cxl.28^/4 = 1.29m^
V = 0.7/ 1.29 = 0.54mW /hr
2.4 Run Periods March to October 1994
During the initial period between October 1993 and March 1994 two runs were completed at 
the Shalford pilot plant. The second six monthly period, between March and October 1994 also 
saw two runs take place; Run 3 began in April 1994 and ended in July 1994, Run 4 was 
commissioned in July 1994 and ended in October 1994.
During this report period a Coulter® Multisizer 11 was acquired and Particle Size Analysis of 
water samples commenced. Tests of the ability of the multistage treatment system to remove 
micro-pollutants were performed by dosing the pilot plant with various pesticides and 
herbicides. Research into the optimum cleaning frequencies of the prefilters was also carried out 
and assessed by the monitoring of the turbidities and suspended solids content in the filter 
washings. Particle size analysis was also carried out on these samples to ascertain the nature of 
the particles removed from the water at each stage of préfiltration. The results of this research 
work are detailed in the MSc thesis submitted by Joanne Crompton for the Centre of 
Environmental Health Engineering, University of Surrey.
2.4.1 Run 3
During Run 3, FEF A ran for 69 days while FEFB ran for 77 days and FEFC for only 58 days. 
The prefilters ran continuously between Runs 2 and 3, with periodic cleaning occurring. The 
FEFs were started at an effluent flow rate of 0.075m^/m^/hr, after approximately one week of 
commissioning these flows were increased to 0.15mVm^/hr .
Several problems occurred during this Run, firstly due to chlorine being detected in the raw 
water supply on the day of recommissioning and later with interruptions occurring with the raw 
water supply disrupting the flow through the pilot plant. There was also evidence of breaching 
of the seal on FEFB since even at the end of the Run the head loss across the fabrics was veiy 
small.
Daily monitoring of Fæcal Coliforms, Total Coliforms, Suspended Solids and Turbidities of 
water samples was carried out. Particle Size Analysis was commenced 43 days into the Run. 
Water samples were taken at seven stages through the pilot plant (refer to Figure 2.1).
Both ambient and water temperatures were recorded. Flows through the fabric enhanced filters 
were monitored and adjusted when necessary, maintaining a loading rate of 0.15mVm^/hr. The 
flow rate through the prefilters was maintained at approximately 0.65mVm^/hr, the flow was 
limited by the available raw water supply.
In July it was necessary to shut down and clean the three fabric enhanced filters. During the 
cleaning period the prefilters were left running. Cleaning of the fabric enhanced filters entailed 
removing the protective fabric layers and brushing them vigorously under running water until no 
more dirt could be removed. Any visibly dirty patches of sand were removed from FEFs B and 
C, these filters were then re-sanded in order to restore the sand depths to 300mm and 500mm 
respectively. The bottom five layers of geotextile fabric used during Run 2 were retained for 
FEFs B and C, whilst the top fabric was discarded and replaced with the same fabric type. All 
six layers of fabric were replaced in FEF A.
During this Run alterations were made to the overflow connection from the header tank to the 
supply tank. Air blocks occurring in the overflow pipe necessitated the construction of an air 
bleed. A 'T  connection was connected to the supply tank with the top of the pipe left open and
4
the bottom connected to the pipe leading to the header tank. The overflow pipe was re-laid to 
prevent further air blocks from occurring. When the plant was decommissioned, the manometer 
tubes were covered with tape to prevent the entry of light and hence reduce the build up of 
algae in the tubes. Prefilters were cleaned by a series of backwashes, and studies were made on 
the suspended solids present in the washings with respect to time.
2.4.2 Run 4
Run 4 commenced in July. FEF A was recommissioned 19 days after FEFs B and C. on 
recommissioning, routine monitoring proceeded as in Run 3. FEF A ran for a total of 41 days 
whereas FEFs B and C ran for 82 days. The FEFs were run in at a flow rate of 0.075mVm^/hr, 
which was increased, to 0.15mVm^/hr after 16 days of operation.
One week after commissioning the plant three Grant water quality loggers were set up to 
monitor the raw water, prefilter effluent and FEFB effluent water. Temperature, dissolved 
oxygen, ammonia, turbidity, pH and conductivity/salinity were measured at half hourly intervals. 
The turbidity results obtained for the raw water were unreliable as were all ammonia results 
obtained. This was due partly to the design of the probes and partly to the quality of the water 
being monitored.
Two Civil Engineering, MEng projects were carried out on FEF A. The first project compared 
the performance of two different types of geotextile fabrics. The second project investigated the 
effects of natural organic coagulants on the performance of FEF A. Laboratory tests were 
carried out on solutions of potato starch and chickpeas, the results of the potato starch 
experiments were poor and not followed up. However, favourable results were obtained from 
the chick pea tests and a solution of chickpea was added to the supernatant of FEF A. An eighth 
sample of the supernatant of FEF A was included in all routine tests. All test procedures, results 
and conclusions are detailed in the MEng final year project reports 1994, Department of Civil 
Engineering, University of Surrey, authors Wayne Broadbent and Rhodri Hughes. A third MEng 
project complimented work being carried out by a MSc student into the cleaning of prefilters 
(Abdul Abdi). The results of this research work will not be discussed in this report.
2.5 Experimental Methods
2.5.1 Particle Size Analysis (Coulter Counter)
The Coulter® Multisizer II allows the particle size and distribution to be measured for a given 
sample.
All samples were analysed on the day of acquisition. Preliminary tests were carried out to 
determine if it was necessary to ultrasonicate samples prior to analysis. Tests were carried out 
on three samples, the first was a recently acquired sample which did not have time to settle or to 
flocculate. The second sample was ultrasonicated for approximately 30 seconds and the third 
sample was allowed to stand for approximately five hours. All samples were gently mixed prior 
to analysing to ensure resuspension of all particles. No noticeable difference was observed in the 
results obtained from the three tests. Any settlement or flocculation that may have occurred was 
reversed by the initial mixing of the sample and was then maintained in suspension by the paddle 
built into the Coulter Counter Sampling Stand.
However, testing still took placeras soon as possible after sampling, the majority of samples 
being tested within a couple of hours of attainment. A maximum sample storage period of three 
days was allowed for a limited number of samples, which were subsequently stored in a 
refrigerator until testing.
2.5.2 Turbidity
Turbidity in water is caused by the presence of suspended matter. Turbidity is an optical 
property of a sample; it is an expression of the amount of light that is scattered and absorbed 
rather than transmitted in straight lines through a sample.
Turbidity measurements were taken using a portable turbidimeter (21 OOP Calmab HACH, 
Cambridge) which read to an accuracy of O.OINTU.
2.5.3 Suspended Solids
This is a gravimetric measurement of the amount of suspended matter in a sample. Full details of 
the test method and definitions are given in Appendix 1 of the S i x  M o n t h l y  R e p o r t  f o r  t h e  
P e r i o d  O c t o b e r  t o  3  M a r c h  1 9 9 4 ,  submitted by Helen Evans (Research Engineer).
2.5.4 Fæcal Coliforms and Total Coliforms
Coliform tests are carried out to assess the levels of contamination in a sample. Total coliform 
samples are incubated at a temperature of 37°C, whilst Thermotolerant (Fæcal) coliform tests 
are carried out at 44.5°C. The Fæcal coliform test uses elevated temperatures in order to 
separate the organisms originating from Fæcal contamination from those derived from non- 
Fæcal sources.
Fæcal coliforms and total coliforms were measured using the membrane-filtration method. 
Membrane lauryl sulfate broth was used for the media. (STANDARD METHODS for the 
Examination of Water and Wastewater .)
2.5.5 Herbicide Dosing
Dosing of the s-triazine herbicide a t r a z i n e ,  and the chlorophenoxyacid herbicide 2 , 4 - D  was 
carried out towards the end of Run 3 and into Run 4. The efficiency of the multistage filtration 
plant to remove the herbicides was monitored. The results of this work will not be discussed in 
this report. For further information refer to reports submitted by Million Bekele for the Centre 
for Environmental Health Engineering, University of Surrey.
2.6 Results
The results for Runs 3 and 4 are given in graphical form in Figures 1 to 32, Appendix 2 gives 
the full numerical results obtained.
Percentage reduction results were calculated over each stage of treatment, e.g. the percentage 
reduction across say PF2 was calculated by determining the difference between the effluent of 
PFl and the effluent of PF2. An overall percentage reduction across the prefilters was also 
calculated measuring the percentage reduction between the raw water and the effluent of PF3. 
The percentage reductions of the three FEFs were calculated using the effluent of PF3 and the 
effluent of each individual FEF.
Summary of tank characteristics:-
PFl: 40mm nominal diameter gravel
PF2: 20mm nominal diameter gravel
PF3: 10mm nominal diameter gravel
FEF A; 6 layers geotextile fabric, no sand
FEFB; 6 layers geotextile fabric overlying 300mm sand
FEFC: 6 layers geotextile fabric overlying 500mm sand
Two different fabrics were used for FEF A during Run 3. The first was a sample of the fabric 
used during the first two run periods for all FEFs and also on FEFs B and C for Runs 3 and 4. 
This fabric was commissioned on FEF A between days 16 to 24 of the Run. The fabric on FEF A 
was replaced by a Geofabrics fabric sample between days 25 and 41 of Run 3. During Run 4 a 
natural flocculant was added to the supernatant of FEF A.
2.6.1 Particle Size Analysis
The results given in Figures 1 to 8 are averaged results obtained using the Coulter software. The 
results obtained for each orifice tube for an individual sample were overlaid to give results for 
the maximum particle diameter range possible. Next the weekly results were averaged, again 
using the Coulter software.
A representative sample of one weeks results for Run 3 and Run 4, obtained from the Coulter® 
Multisizer II are shown in Figures 1 to 8 . Figures 1 and 2 give the particle number distribution 
with respect to particle diameter (the Coulter works on the principle of equivalent spherical 
diameter) for Run 3. The range shown goes between 0.6pm to 2.5pm, the lower limit was set to
0 .6 pm for reliable results. The upper limit extends to 60pm but for ease of viewing all particle 
number figures have been restricted to the particle diameter range 0.6pm and 2.5pm.
As can be seen from Figures 1 and 2 the majority of particles were below 1pm equivalent 
spherical diameter. The raw water contained approximately 5500particles/ml whereas the 
average number of particles from the effluent of PFl was 7600particles/ml. However the 
effluents from PF2 and PF3 gave results of approximately 4600particles/ml and 1600particles/ml 
respectively. The average number of particles in the effluent from the fabric enhanced filters 
was: 600 particles/ml for FEF A; 330particles/ml for FEFB and FEFC.
Figures 2 and 4 give the average number of particles for given particle diameters for Run 4. 
Again the majority of the particles were less than 1pm diameter. In this case the raw water again 
contained approximately 5500particles/ml; PFl contained approximately 5750particles/ml; PF2
contained approximately 4700particles/ml and PF3 contained approximately 2600particles/ml. 
This was reduced to approximately 200particles/ml after FEFB and 400particles/ml after FEFC.
The average total particle volume results for given equivalent spherical particle diameters for 
Run 3 are shown in Figures 5 and 6 . The prefilters gave a peak ranging from approximately 
1700pmVml in PFl to approximately 350pmVml in PF3 at a particle diameter below 1pm. PFl 
also gave significant results between 4 to 35pm, giving an approximate peak of 900pmVml at a 
particle diameter range 6 to 10 pm. Neither PFl nor PF2 gave significant results above 1pm 
particle diameter. Both FEFs A and B gave low particle volumes (approximate peak 
< 100pmVml) especially above 1pm equivalent spherical diameter. FEFC gave a much more 
varied volume profile particularly between the range 10 to 40pm, giving erratic peaks up to 
ISOOpmVml at approximately 37pm particle diameter.
The volume results for Run 4 are given in Figures 7 and 8 . In this case the prefilters gave peaks 
at 0.6pm of approximately 1200pm^/ml for PFl, lOOOpmVml for PF2 and 550pmVml for PF3. 
At larger particle diameters PF3~gave readings up to approximately 400pmVml; PF2  gave peaks 
up to 2 2 0 pmVml whilst PF3 gave very low results above particles of diameter greater than 1pm. 
FEFs B and C gave low readings of less than lOOpmVml at particle diameters less than 1pm. 
However the results were again much more erratic at larger particle diameters.
It is significant to note the progressive removal of smaller particle diameters throughout the 
treatment system. Particles less than 0.6pm have been routinely removed.
2.6.2 Turbidity
Figures 9 to 12 give the overall turbidity readings throughout Runs 3 and 4 respectively 
(represented using a logarithmic scale for ease of viewing). Throughout both runs, it can be seen 
that there was a close relationship between the turbidity of the influent (raw) water and the 
turbidity of the water leaving the prefilters. The mean turbidity reduction across the prefilters 
was 76% in Run 3 and 70% in Run 4 (see Figures 5 and 7). Average turbidities were PFl: 6 
NTU; PF2: 3.7 NTU and PF3: 2.2 NTU for Run 3, and for Run 4 PFl: 6 NTU; PF2: 3.6 NTU 
and PF3: 2.4 NTU.
Mean turbidity reductions through the FEFs for Run 3 were:- FEFA: 65%; FEFB: 92% and 
FEFC: 91% (see Figure 6). Average turbidities were: FEFA: 0.68NTU; FEFB: 0.14NTU and 
FEFC: 0.19NTU. In Run 4 the corresponding values were:- FEFB: 89% and FEFC: 91% (see 
Figures 8) with average turbidity values for FEFB of 0.23NTU and for FEFC: 0.22NTU.
Overall the turbidity removal performance of the treatment system was good, effluents from 
FEFs B and C being consistently below the WHO Guideline value of INTU.
2.6.3 Suspended Solids
Figures 17 to 20 give the Suspended Solid levels through the prefilters and fabric enhanced 
filters for Runs 3 and 4. The mean suspended solid levels through the prefilters were: PFl: 
5.7mg/l; PF2: 3mg/1 and PF3: 1.7mg/l for Run 3 and PFl: 4.8mg/l; PF2: 2.8mg/l and PF3: 
2mg/l for Run 4. The mean reduction in suspended solids through the prefilters was 8 6% and 
77% respectively.
The mean suspended solid levels for the fabric enhanced filters during Run 3 were: FEFA:
0.87mg/l; FEFB: 0.12mg/l and FEFC: 0.38mg/l (Figure 10). The mean reductions through the
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fabric enhanced filters were FEFA: 55.7%; FEFB: 91.8% and FEFC: 81.4%(Figure 14). The 
corresponding results for Run 4 were: FEFA: 0,79mg/l; FEFB: 0.56mg/l and FEFC: 0.44mg/l 
(Figure 12) with mean percentage reductions of: FEFA: 47.2%; FEFB: 67.4% and FEFC: 79% 
(Figure 16).
A relationship between the turbidity and suspended solids results through the pretreatment stage 
can be seen. However, this is not the case with the effluents from the Fabric Enhanced Filters. 
Overall suspended solids removal was again good.
2.6.4 Fæcal Coliform
Figures 25 to 28 give the overall Fæcal coliform counts throughout Runs 3 and 4. Mean fæcal 
coliform reductions across the prefilters were 88% in Run 3 and 84% in Run 4. The mean Fæcal 
Coliform counts through the prefilters for Run 3 were:- PFl: 375.7cu/100ml; PF2: 
170.5cu/100ml and PF3: 91.3cu/100ml (Figure 17). For Run 4 the corresponding mean Fæcal 
Coliform counts were:- PFl: 568.2cu/100ml; PF2: 405.3cu/100ml and PF3:
229.7cu/100ml (Figure 19). _
Mean reductions through FEFs during Run 3 were FEFA: 74%, FEFB: 98.1% and FEFC:
96.6% (see Figure 22). The mean Fæcal Coliform counts through the fabric enhanced filters 
were:- FEFA: 14.6cu/100ml; FEFB: 0.74cu/100ml and FEFC: 0.94cu/100ml for Run 3 (Figure 
18). The corresponding reductions for Run 4 were 61.4%, 97.2% and 97.2% for filters A, B and 
C  respectively (see Figures 24). For Run 4 the mean Fæcal Coliform counts were:- FEFA: 
72.9cu/100ml; FEFB: 2.7cu/100ml and for FEFC: 2.6cu/100ml (Figure 20).
The results show that there is significant removal of FC throughout the whole treatment system, 
including through the treatment stage. There is progressive removal of FC through the system 
giving good effluent quality.
Graphical representation of the total coliform results has not been included.
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Figure 1: Panicle Size Analysis of Raw Water and Prefiltered Water 
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for Samples taken over Days 48 to 52 of Run 3.
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Figure 3: Particle Size Analysis of Raw Water and Prefiltered Water 
Showing Average Particle Number vs. Equivalent Spherical Diameter 
for Samples taken over Days 6  to 9 of Run 4.
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for Samples taken over Days 6 to 9 of Run 4.
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Figure 7: Panicle Size Analysis of Raw Water and Prefiltered Water 
Showing Average Total Particle Volume vs. Equivalent Spherical Diameter 
for Samples taken over Days 6  to 9 of Run 4.
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2.7 Discussion
2.7.1 Particle Size
It is interesting to note that from all the samples obtained using the Coulter© Multisizer II the 
majority o f the particles recorded throughout the whole of the treatment system had an 
equivalent particle diameter of less than 1pm. This is especially significant in the prefilters since, 
as literature states*, only particles o f a diameter greater than 1 0 pm can be removed by filtration 
or sedimentation processes. However the results obtained from this research show that particles 
of equivalent spherical diameter less than 0 .6 pm are being progressively removed.
During Run 3 the average number o f particles in the effluent sample of PFl was much higher 
than that in the raw water. This could partly be due to the need to clean the prefilters, the gravel 
media having been saturated with the amount of particles that it could store resulting in a release 
of the previously deposited particles. This phenomenon was noticed in other results obtained 
both during Run 3 and Run 4. However the results show an overall reduction in the number o f 
particles through the system at a particle diameter o f 0.6pm of 94% for Run 3 and 95% for 
Run4.
When comparing the results obtained on particle number and volume it is interesting to note that 
although the majority o f the particles are less than 1 pm in diameter it takes only a few larger 
particles to give significant bulk properties. During Run 3 the majority of the larger particles 
were removed by the end of treatment process, only FEFC showed poorer performance. It was 
speculated that there was tracking occurring down the side of the FEFC tank; another reason 
for the poorer results was the possible access of air under the filter blanket caused by blowing 
down the manometer tubes (carried out to clear the manometers and stabilise readings).
The results obtained for Run 4 also gave good particle number reduction. Particle penetration 
through FEFC was again slightly higher than that through FEFB, although the difference in 
results was significantly lower than Run 3.
FEFA performed equally as well as the other two FEFs in particle removal, even though there 
was no underlying sand bed (Figure 2). However this performance was not reflected in the 
turbidity and suspended solids results (Figures 10 and 18 respectively).
2.7.2 Turbidity
The turbidity loadings during Runs 3 and 4 were much lower than those o f the first two Run 
periods (average turbidity of PFl effluent; Run 1: 10.4NTU, Run 2: 15.9NTU, Run 3: 6.0NTU 
and Run 4: 6.0NTU).
The turbidity of the effluent from PF3 was much lower for Runs 3 and 4 that for the previous 
two runs. This was partly due to lower raw water turbidity loadings but also to the maturation 
of the prefilters. The average turbidity values for the effluent from PF3 for Runs 3 and 4 were
2 . 2  NTU and 2.4 NTU respectively whilst the average turbidity was 5.8 NTU for Run 1 and 5.9 
NTU for Run 2.
' Tebbutt, THY', Principles o f  Water Quality Control', 4* Edition; Pergamon Press.
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The results obtained from FEFA during Run 3 were less favourable than those attained from 
FEFs B and C. This was due to the absence of sand in the filter tank. However, it must be noted 
that for only seven samples out of forty did the effluent o f FEFA give turbidity results greater 
than the WHO guideline limit of 1 NTU.
The results for FEFA during Run 4 have not been included. During this run period a natural 
organic flocculant was added to the filter supernatant. The results have been detailed in the 
MEng project final year reports 1994 submitted by Wayne Broadbent and Rhodri Hughes for 
the Department o f Civil Engineering, University o f Surrey.
The performance o f FEFs B and C was very good for both Run periods, all samples being below 
than the WHO guideline limit o f INTU.
2.7.3 Suspended Solids
As for Runs 1 and 2, it was noted that the peaks in suspended solid levels in the prefilters, 
followed a similar pattern to the^peaks in recorded turbidity values. The variation in suspended 
solids levels increases as the water passes through the treatment system. (Note: in Figures 17 to 
2 0  logarithmic scales have been used.)
The overall performance of the prefilters during Run 4 was markedly poorer than that during 
Run 3. This may have been due to particle disturbance occurring caused by filter washing. 
However the reduction in suspended solids was still extremely good.
From Figure 22 it can be seen that FEFA was very efficient in terms of suspended solids 
removal, only on three isolated days during Run 3 did the effluent of FEFA exceed the influent 
and on seven occasions the percentage reduction across FEFA reached 100% (subject to limits 
o f detection of this test). During the 15 days results collected during Run 4 negative percentage 
reduction was only recorded on the first day o f commissioning although on two separate 
occasions zero percentage reduction was recorded and never was 100% reduction attained. The 
poor results achieved during Run 4 were due to the dosing o f FEFA supernatant with a natural 
flocculant solution of chick-peas for an MEng project, resulting in a much higher supernatant 
dosing than shown in the effluent results of PF3.
The overall removal efficiency of suspended solids by FEFs B and C for both Runs 3 and 4 was 
much greater than that of FEF A. This was partly due to the lack o f sand in FEFA and also to 
the dosing of FEFA supernatant with a flocculant during Run 4. During Run 3 FEFB and FEFC 
were both particularly effective in terms of suspended solids. However the reduction in 
suspended solids across FEFB was greatly reduced during Run 4 whilst FEFC maintained 
approximately the same level of performance.
As was noted during the last reporting period there is little relation between the turbidity results 
and the suspended solids results through the FEFs. There is however, some correlation between 
results for the prefilters. One explanation suggested in the 6^ monthly report was the possibility 
that the denser particles in the samples settled during the turbidity testing, although the samples 
were agitated prior to testing. The flaw with this argument is that the particulate matter from the 
effluent o f the FEFs was believed to be smaller than that of the PFs effluent and hence less likely 
to settle. Coulter Counter tests during this test period have confirmed that this is the case. A 
second explanation is the fact that the prefilter effluent samples tested were composed of 
coarser grained particles which give a greater contribution to the results for turbidity and 
suspended solids than the finer particles. The finer particles present in the FEFs effluent may be
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more difficult to measure using the suspended solids tests than the turbidity tests. In addition, 
accuracy o f the suspended solids decreases for very low particle concentrations making the 
suspended solids results for the FEFs less reliable.
2.7.4 Thermotolerant (Fæcal) Coliform
Although it has been stated that prefiltration systems are concerned with purely physical 
treatment processes, due to the continual running of the prefilters and the limited number o f 
backwashes that were carried out, there has been adequate time for microbial colonisation o f  the 
prefilters. This is shown in the results obtained on Fæcal Coliform (Figures 25 to 32). There is a 
gradual reduction in Fæcal Coliform through the prefilters giving an overall reduction o f 88% 
and 84% for Runs 3 and 4 respectively.
The majority o f the results obtained through the FEFs B and C for Run 3 were <lcu/100ml. The 
performance during Run 4 was much poorer even though the percentage reduction across the 
FEFs was still high.
As for Runs 1 and 2 the FEFs B and C gave a much better treatment performance than FEFA, 
the fabric only filter. However it was difficult to assess the contribution o f the sand layer to the 
superior performance o f FEFs B and C during Run 4 due to the effect o f the addition of a 
flocculate to the supernatant of FEFA. Run 3 results show however that there is a greater 
penetration o f Fæcal Coliform through FEFA and suggests that a minimum depth o f sand, or 
some alternative, is necessary for acceptable water effluent quality.
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3. Overseas Work
3.1 Colombia - CINARA
During this period a visit was made to the Centro Inter-regional de Abastecimientoy  Remocion 
de Agua (CINARA) based in Cali, Colombia. The visit included developing a method for the 
assessment of particle size distribution using the techniques developed for suspended solids 
testing. Surveys of existing modified Water Treatment Plants was made with particular interest 
to the upgrading of one treatment plant due to the need for pretreatment facilities. An 
introduction to the histoiy, culture and politics of Colombia was also given, so that an 
understanding of the complexities involved when trying to implement schemes into a community 
could be gained. The visit proved to be extremely interesting and educational. Full details o f the 
work carried out are given in the Report of Visit to CINARA submitted by Helen Evans for the 
Thames Water Rama Krishnan Award.
3-2 Tanzania ’ OXFAM
Collaborative work is being undertaken with OXFAM to adapt the OXFAM 10,500 litre Water 
Storage Tank. This pack was devised by the OXFAM Technical Unit to help provide a reliable 
water supply during emergency situations. The 10,500 litre Water Storage Tank is appropriate 
for communities of 500 to 1000 people living in temporary accommodation. The pack is a 
complete self-contained unit, designed for easy transport.
The water treatment systems set-up by OXFAM use chemical treatment that relies on the 
continual supply of a coagulant, such as alum. Not only is this expensive but it also introduces 
the problem of obtaining a reliable chemical source. A second problem is the total absence of 
any form of pretreatment. The aim of the work being carried out by the Centre fo r  
Environmental Health Engineering, University of Surrey is to reduce the initial contaminants 
loading on the treatment system. A pretreatment tank is being developed which could reduce the 
physical and biological loading going into the first coagulation tank. Reducing the contaminants 
loading on the treatment system may allow the quantity of chemicals required during the process 
to be significantly reduced.
The pretreatment tank under development is an adapted version of the 10,500 litre Water 
Storage Tank developed by OXFAM. The tank when constructed has a diameter of 2.5m and a 
height of 2.3m. It is constructed from 18 corrugated steel sheets and is supplied with a 1.25mm 
thick EPDM reinforced synthetic rubber liner. At the base of the tank, four 3" connections were 
made for the supply pipe and wash out pipes, a fifth 3" connection was made at the top of the 
tank for the effluent connection. All connections were drilled in the corrugated sheets by the 
suppliers prior to the delivery of the OXFAM pack. An underdrain system was devised by 
Joanne Crompton for the Centre fo r  Environmental Health Engineering which consists of two 
sheets of 25mm thick plastic base supports, two sheets of 25mm thick plastic media support and 
5 X 300mm diameter and 12 x 160mm diameter support columns of approximate height 400mm.
The adapted upflow prefilter has been constructed at the Thames Water Surbiton WTW. Tests 
were commenced in October in order to monitor the performance of the prefilter with respect to 
both physical and biological removal. OXFAM have requested field trials to be carried out 
during the next period. The trials would involve members of the Centre fo r  Environmental 
Health Engineering being deployed in a refugee camp under the supervision of UNHCR 
(United Nations High Commission for Refugees), probably in Tanzania.
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4 .  P r i o r i t y  T a s k s  d u r i n g  n e x t  R e p o r t i n g  P e r i o d
The next period will see the fulfilment of a complete literature review. Several topics have been 
discussed with the industrial supervisor as to specific areas of interest. These include:-
1. A discussion on what constitutes biological water treatment. What water quality goals can 
be obtained and the major natural and engineering influences for the realisation of an 
efficient and successful water treatment system.
1. A review of the developments in biological water treatment, principally slow sand 
filtration, with attention paid to alternative low-cost support media of both low and high 
technology (e.g. GAC mats, geotextile fabrics). The limits of biological treatment in terms 
of contact time, flow rates and external influences (e.g. temperature, raw water 
characteristics).
2. A review of pretreatment methods that can be used prior to both biological and chemical 
secondary treatment. This should also cover the subject of multistage filtration.
3. A market appraisal of the need for engineered water treatment plants providing 
appropriate technology for sustainable use of river water supplies in developing countries, 
considering the different water characteristics that may be encountered due to varying 
geological surroundings, the social and political constraints and an idea of scale of 
populations to be served. Also consider the necessity for flexibility and adaptability of 
designs.
4. A discussion on the political acceptability of slow sand filters in the developing world and 
the means available to gain monetary support from development agencies. This should 
include a discussion of the benefits and disadvantages of slow sand filter technology and 
suggestions on how to present a more attractive image to the public.
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Appendix 1
Coulter Counter
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Prior to all analyses samples were agitated by repeatedly tilting the sample bottle to ensure that 
all settled particles were resuspended. These particles were maintained in suspension by the in­
built paddle in the Coulter Sampling Stand.
A solution of 50:50 sample to Isoton II was made. The Isoton II was required to give the 
solution a conductivity suitable for analysis by the Multisizer II.
Coulter Sampling Procedure
Ensure that the Multisizer II has been turned on for at least 10 minutes prior to use.
During all sampling ensure tliat the orifice is not blocked. Refer to Reference Manual, Section 9.2.
Set up MENU information:-
SETUPMENU ORIFICE DIAMETER: 30/ 100/ 280/ 1000
ORIFICE LENGTH: set automatically 
SETUP: Manual 
ANALYSIS Sample
CALIBRATION : Recall (then press CAL on the Control Panel)
Kd: check Kd value approx. equal to 1 Ox orifice diameter
SIZE: required for calibration only
SIZE UNITS: requiredfor calibration only
ANALYSIS SETUP 1 CURRENT AND GAIN: Automatic
APERTURE CURRENT: set automatically
GAIN: set automatically, check APERTURE CURRENT x GAIN equals 3200 
POLARITY: +
INSTRUMENT CONTROL: Siphon 
TIME: not required 
CHANNEL COUNT: 64000 
TOTAL COUNT: 640 E 4
ANALYSIS SETUP 2 CHANNELS: 256
AUTOSCALING: On 
EDIT: Off
COINCIDENCE CORR: On
ANALYTICAL VOLUME: ^  (100 tube) 100 (30 tube)
PARTICLE RELATIVE DENSITY: 1.0 
DIFF. VALUES: %
END TONE: On
COMMUNICATIONS SETUP Does not require altering.
Set CURRENT GAIN
1) Once Menus have been set up, turn top tap on Sampling Stand to RESET. When light on Sampling Stand 
illuminates press FULL on Control Panel. The message "Current & Gain Auto-set in Progress" should appear. 
Wlien tlie message disappears turn the tap to COUNT, wait until all calculations have finished then proceed with 
tlie analysis.
If the message "Current Disabled - Cannot autp-set" appears check tap has been turned to RESET, also ensure 
tliat tlie light has illuminated before pressing FULL. To clear message press RESET on Control Panel and tlien 
try again.
2) Once tlie current and gain has been set the analysis may start. By turning tlie tap to COUNT tlie manometer 
will have started to rebalance and the first sample will be taken. For subsequent samples, turn tlie top tap to 
RESET, wait for the lights to illuminate both on the Sampling Stand and on the Multisizer II, turn the tap to 
COUNT and wait for the analysis to be completed.
3) Check that the orifice does not block during all stages of sampling. If a blockage does occur refer to 
Reference Manual, Section 9.2 for clearing aperture procedure.
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4) Generally duration of analysis for 500 with a 100 tube analysis will take approximately 12 seconds, for 100 
with a 30 tube the analysis should take approximately 27 seconds. If the sampling times are much greater a 
blockage is likely to have occurred and the analysis should be rerun.
Software Setup
Once in Coulter software go to File and Change Directory, go to required directory then again in File choose 
Make Directory to create a new directory for the analysis. Enter Acquire and select New Sample, enter sample 
information including Sample Volume: 100ml, Electroljie Volume: 100ml and Analytical Volume: 2000ul 
(100 tube) and 200ul (30 tube). Next confinn then enter Acquire, Collect from Multisizer. Repeat for other 
samples.
Notes
1) If an error occurs during the transfer of data between the Multisizer and the computer check that a lead is not 
loose. The message "PC Timeout error" will appear on the computer if there is too long a delay between sending 
and receiving data. Check especially tlie black power cable into tlie back of tlie Multisizer (I don't know why but 
it worked last time!).
2) Ensure that the vacuum jar does not become full. Once full the vacuum seal will break. Also 
maintain an adequate supply of 50:50 Isoton II: Particle free water solution in the supply jar.
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Appendix 2
Shalford Pilot Plant 
Numerical Results for Runs 3 and 4
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Section 3
Eighteen month report 
- October 1994 to March 1995
This is the third six monthly report submitted by Helen Evans (Research Engineer), for the 
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M in u tes  o f  6 M o n t h l y  D o c t o r a t e  o f  E n g in e e r in g  M e e t in g
1. Doctorate of Engineering Courses attended
1. ‘Solid-Liquid Separation Processes’ from the Msc in ‘Water Pollution Control 
Technology’, Cranfield Institute of Technology, 14th Nov 1994.
2. ‘Risk Perception II’, Surrey University, 28th Nov 1994.
3. ‘Environmental Law’, Surrey University, 27th March 1995
2. Shalford Pilot Plant
2.1 Introduction
The staff of the Center fo r  Environmental Health Engineering, University of Surrey are 
concerned with research into the Development and Integration o f Small Scale Multistage 
Treatment o f  Drinking Water, a project funded by the Overseas Development Administration 
(CDA). Research work is being carried out on a pilot plant constructed by students and staff of 
the Centre for Environmental Health Engineering, at the Thames Water Shalford Water 
Treatment Works near Guildford, Surrey. A full description of the pilot plant is given in the Six 
Monthly Report fo r  the Period 4^  ^October to 3(f^ March 1994, submitted by Helen Evans 
(Research Engineer) for the partial fulfillment of the Engineering Doctorate in Environmental 
Technology.
2.2 Past research carried out on Shalford Pilot Plant
During the past two years many research projects have been carried out by the author. Centre 
staff and Msc/MEng students to monitor the performance of the Advanced Multistage Filtration 
Pilot Plant. Projects have included the assessment of the pilot plants ability to remove micro­
pollutants by dosing the pilot plant with various pesticides and herbicides, optimum cleaning 
frequencies of the prefilters, comparative studies into the performance of two different types of 
geotextile fabrics used in two of the fabric enhanced filters and investigation into the effects of 
natural organic coagulants on the performance of FEFA. Details of these research projects will 
be given in a future report.
2.3 Present research carried out on Shalford Pilot Plant
Due to other commitments and responsibilities only general management and maintenance work 
was carried out on the pilot plant during this research period, along with weekly routine 
monitoring. It was decided that sufficient routine monitoring of the plant had taken place and 
hence priority was given to laboratory tests with the aim of deploying the test method into the 
pilot plant at a later date (see Section 2.4).
2.4 Laboratory Test
During this period a turbidity dosing laboratory test was set up consisting of a tank constructed 
out of transparent PVC. The tank contained a false floor above which gravel of nominal 
diameter 20mm was placed to a depth of 250mm. Primary tests were carried out in order to 
determine the most appropriate flow rates. These tests were carried out with a kaolin mixture of 
turbidity lOONTU. An initial flow rate of O.lmVmVhr was found to be unrepresentative of 
prefilter systems, resulting in a turbitity reduction of approximately 80%. A second trial was 
carried with a flow rate of 0.6m^/m^/hr (approximately the same flow rate as used for the 
prefilters at Shalford pilot plant), however due to the limited depth of media it was concluded 
that the flow rate was now too fast. Therefore it was decided to determine the flow rate based 
on the retention time of the prefilters used in the Shalford pilot plant, this was determined to be 
equivalent to 0.25m^/m^/hr, giving a primary result of 40% turbidity reduction.
The next period will see the completion of the laboratory testing. Further laboratory tests will be 
carried out on mixtures of varying turbidities at a flow rate of 0.25mVm^/hr, after which the 
testing will by moved to the pilot plant. Results of the laboratory and pilot plant tests will be 
reported in the Second Yearly Report. Further laboratory work into the effect of flow rate on 
turbidity removal may be carried out at a later stage of the research doctorate.
3. Overseas Work
3.1 St Lucia
During this period a trip was made to a water treatment works at Dennery in St Lucia in order 
to supervise the construction of a new, third prefilter. A cavity underdrain system was 
incorporated into the new tank, consisting of a false floor constructed out of reinforced, slotted 
concrete slabs supported by circular columns. A concrete slab was constructed and tested at the 
University of Surrey prior to departure to St Lucia. Slight modifications were made to the 
design in order to take into considerations the materials and construction techniques available in 
less industrialised countries. Commissioning of the new prefilter took place during April 1995, 
monitoring of the new and old prefilters will be carried out during and after commissioning.
Full details of slab and prefilter design, construction and tests results will be given in a future St 
Lucia report once initial test results have been obtained and analysed.
3.2 OXFAM
Collaborative work is being undertaken with OXFAM to adapt the OXFAM 10,500 litre Water 
Storage Tank. The aim of the work being carried out by the Centre fo r  Environmental Health 
Engineering, University of Surrey is to reduce the initial contaminants loading on the second 
stage of the water treatment system. The OXFAM water storage tank has been modified into a 
pretreatment tank in order to develop the multistage treatment system, resulting in reduced 
physical and biological loadings on the second stage of the treatment system, and hence a 
reduction of the quantity of chemicals required.
The tank when constructed has a diameter of 2.5m and a height of 2.3m. It is constructed from 
18 corrugated steel sheets and supplied with a 1.25mm thick EPDM reinforced synthetic rubber 
liner. At the base of the tank, four 3" connections were made for the supply pipe and wash out 
pipes, a fifth 3" connection was made at the top of the tank for the effluent connection. An 
underdrain system was designed by the Centre for Environmental Health Engineering which 
consists of two sheets of 25mm thick plastic base supports, two sheets of 25mm thick plastic 
media support and 5 x 300mm diameter and 12 x 160mm diameter support columns of 
approximate height 400mm. Details of the underdrain system are given in Figures 2.1 and 2.2. 
Further details will be given on completion of the research project.
The adapted upflow prefilter was constructed at the Thames Water Surbiton WTW. This period 
has seen the construction of the underdrain system and Due to pump malfunction testing has 
been delayed. Physical and biological monitoring will take place during 1995.
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4. Priority Tasks during next Reporting Period
1. The next period will see the completion of a concise literature review into particle size 
analysis and distribution. This will include research into the different apparatus available 
for particle size distribution measurement.
2. I shall be responsible for the planning of an itinerary for a Colombian lady visiting the 
Centre for a 14 week period. Her specialised field of interest is in particle size distribution. 
The itinerary will include visits to water treatment works, visits to laboratories concerned 
with particle size analysis and a means for gaining a general understanding of British 
culture and industrial practices.
3. Laboratory turbidity testing should be completed during the next reporting period, 
continued tests should take place on the pilot plant.
5. Miscellaneous
1. The first EngD Annual Dinner was held at Horsley Management Centre on the 26"' 
November 1994.
2. A presentation was given to staff and students of the Department of Civil Engineering to 
inform them of the research work being carried out by the author. It was suggested that, 
due to the length of the Doctorate, a second presentation should be given at the end of the 
second or third year of study. It was recommended that aU research engineers connected 
to the Civil Engineering Department should present their work to members of their 
department.
3. A Six-monthly EngD Progress Meeting took place at Thames Waters Kempton Water 
Treatment Works on the 16* February 1995. Minutes of the meeting are given in 
APPENDIX 1.
4. On the 27* March 1995, the Centre for Environmental Health Engineering was officially 
opened by Professor Richard Helmer, WHO Headquarters, Geneva. Guests were invited 
to view presentations of past, present and future work displayed in the new Centre. 
Speeches were given by Professor CRI Clayton (head of Civil Engineering Department, 
University of Surrey), Professor P Dowling (Vice Chancellor), Dr Barry Lloyd (Director 
of CEHE) and Professor P Butterworth (Senior Pro-Vice -Chancellor).
5. Further details of project background and aims, effect on the sponsoring company and the 
environment and details of a project plan are given in the Project Management report (28* 
November 1994).
Appendix 1
Minutes of 6 Monthly 
Doctorate of Engineering Meeting
Thames Water & Centre for Environmental Health Engineering 
(University of Surrey)
Minutes of the six-monthly EngD Progress Meeting 
held on Thursday 16^  ^February 1995 at Kempton WTW 
Present:
Alex K Roberts (UoS) (Chairman)
Tony J Rachwal (TW) Prof Chris R I  Clayton (UoS)
Mike Bauer (TW) Dr Barry J Lloyd (UoS)
Michael J Chipps (TW) Brian A Clarke (UoS)
Andrew Eades (TW) Helen L Evans (RE) (Secretary)
Steve Williams (TW) Richard J Scriven (RE)
Jeni Colboume (TW) (part-time) Sarah M McMath (RE)
Anaick Delanoue (TW)(part-time) Sian Smith (PhD)
Minutes structured with future meeting in mind.
Meeting started at 9.30am.
1 Apologies for absence
Apologies for absence were received from:
Tony Chamberlain (UoS), Dr David Holt (TW)
2 Presentations
Presentations given by TW/CEHE collaborative postgraduate students 
Sarah McMath (RE), Sian Smith (PhD), Helen Evans (RE), Richard Scriven 
(RE)
3 Mlodules
Future EngD modules to be timetabled and content defined. 1.1 AKR
Year 1 and Year 2 REs to debate the arrangement and relevance of EngD 1.2 HLE
modules RJS SMM
4 Helen Evans
Literature Review: To concentrate on fine particle removal. To produce a 1.3 HLE
literature review by the end of June 1995 with increased guidance from 
Industrial and Academic supervisors.
Bursary: May be used for dissemination of information and techniques 
overseas through Helen. Not to be financially orientated. No defined end 
date for bursary.
Extension of study: It was considered that due to the bursary work there 1.4 AIR
may be difficulties for Helen to complete her doctorate in the allotted time.
Tony Rachwal agreed that Thames Water would be prepared to give 
extended support to Helen after EPSERC funding expires on the completion 
of 4 yrs, and would be happy to confirm this commitment in writing. Alex 
Roberts to raise the topic with the EngD management executive.  ^^
Dr Barry Lloyd to take responsibility for overall quality of Helens work.
5 Richard Scriven
Environmental impact: Richard to carry out background research into the 1.6 RJS 
environmental impact of sludge. Contacts mentioned were: Tony Deardsly 
(TW), Mike Winkler (UoS); Jeni Colboume also had further contacts.
6 Sarah McMath
It was suggested that Sarah should spend a few days with employees of TW 1.7 SMM 
on routine maintenance work to the distribution lines in order to gain a 
greater understanding of the practicalities involved.
7 Supervisors
Industrial supervisors to keep REs informed of in-house courses and 1.8 MJC
meetings. AE
PMN  - Please could Dr David Holt take note o f  this action.
Mike Chipps said that he would provide Alex Roberts with a list of courses 1.9 MJC
being mn by TW that may be of benefit to Res.
Engineering Doctorate course regulations to be circulated to all supervisors. 1.10 AKR 
Bimonthly progress reports to be circulated to all supervisors. 1.11 HLE
RJS SMM
8 Meetings
Bimonthly: REs and industrial and academic supervisors concerned with 
daily supervision.
6-monthly: REs, all supervisors and EngD representative. It was agreed that 
it would be convenient to hold the next 6-monthly meeting at Kempton 
WTW.
9 Expenses
Thames Water to pay travel expenses to TW sites for REs based at the 1.12 BAG
university. Brian Clarke to send guide list of university rates to Steve
Wüliams.
10 Date of Next Meeting
Next meeting to be held at 9.30am on Tuesday 5^  ^September at Kempton 
WTW.
Distribution:
Those present, plus:
Dr D Holt (TW); Dr AHL Chamberlain (UoS)
Section 4
Twenty-four month report 
- April to September 1995
In the following report all references to ‘solution of kaolin’ should read ‘suspension of kaolin’.
Abstract
The Following report will discuss the benefits of a biological multistage water treatment system. 
Research has been focused on the systems particulate removal performance. The benefits of 
upflow gravel prefilters due to their ability to attenuate and reduce the loading onto subsequent 
treatment stages will be shown. Confirmation of present filtration theory stating that minimal 
particle removal occurs for particles of approximate size 1 pm was shown by results from 
turbidity dosing experiments carried out on a pilot plant. However present filtration theory is 
based purely on physical mechanisms. The combined effects of different removal processes, i.e. 
biological, physical and chemical, is still poorly understood. An assessment of the relative 
significance of physical, biological and chemical filtration mechanisms for particulate removal 
has not been sufficiently researched nor understood.
The measurement of particulates was carried out using a Coulter counter. The reliability of the 
data obtained and software analysis method employed will be discussed. As with any system 
involving a large number of variables in measurement and analysis techniques, inaccuracies will 
occur. Analysis methodology, operator error and differences in procedures employed by 
different operators are major contributing factors to the reliability of the final particle size 
distribution data. It is important to verify results obtained using any particle counter by some 
other means, such as microscopy.
Although problems with the Coulter system have been raised, it is an important and useful tool 
for assessing trends in a treatment system. Problems occurring in treatment systems can be 
noticed much sooner by studying particle size data rather than the more traditional turbidity and 
suspended solids measurements. Its has great potential for aiding the development and 
monitoring of water treatment systems, although the Coulter counter technique may be more 
appropriate for research means than for routine monitoring purposes.
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1. Introduction
A s  e a r ly  a s  4 0 0  B C  H ip p o c r a te s  w a s  a w a r e  o f  th e  n e e d  t o  tr e a t  w a te r , a d v is in g  th a t d r in k in g  
w a t e r  s h o u ld  b e  b o i le d  and  th en  stra in ed  th r o u g h  a  c lo th . In  1 8 5 4  D r . J o h n  S n o w  r e m o v e d  th e  
ta p  fr o m  a  p u b lic  s ta n d p ip e  in B r o a d  S tr e e t , L o n d o n . T h e  c h o le r a  o u tb r e a k , w h ic h  h ad  a lr e a d y  
ta k e n  1 0  0 0 0  l iv e s ,  w a s  th e  final e v id e n c e  h e  req u ired  t o  p r o v e  th e  lin k  b e t w e e n  s e w a g e  p o llu te d  
d r in k in g  w a te r  a n d  d is e a s e s  su ch  as c h o le r a . W a te r  is  p r o b a b ly  th e  m o s t  im p o r ta n t  s u b s ta n c e  o n  
o u r  p la n e t . I t  is  v ita l  t o  th e  su rv iva l o f  a ll l ife , and  w ith o u t  s u f f ic ie n t  q u a lity  a n d  q u a n tity  o f  
w a t e r  a  s a fe  e n v ir o n m e n t  ca n n o t b e  m a in ta in e d . H e n c e , w a te r  n o t  o n ly  h a s  h e a lth  im p lic a t io n s  
b u t  a ls o  e c o n o m ic  im p lic a t io n s  d u e  t o  its  n e e d  in  in d u str ia l p r o c e s s e s  and  f o r  t h e  m a in te n a n c e  o f  
a  h e a lth y  w o r k f o r c e .  S o m e  o f  th e  im p o r ta n t p a r a m e te r s  w h e n  d e a lin g  w ith  w a t e r  s u p p ly  are:
i Q u a n tity
ii C o v e r a g e
iii C o n t in u ity
iv  Q u a lity
V C o s t
T h e  a im s  o f  t h e  r e s e a r c h  d escr ib e d  in  th is  re p o r t  a re  t o  u n d e r s ta n d  a n d  d e v e lo p  s im p le  
su s ta in a b le  tr e a tm e n t  te c h n iq u e s  fo r  su r fa c e  w a te r s  in  o r d e r  t o  a c h ie v e  a  w a t e r  o f  a  q u a lity  
s u ita b le  fo r  h u m a n  c o n su m p tio n . It is  s p e c u la te d  th a t a  m u lt is ta g e  s y s te m  c o m p o s e d  o f  g r a v e l  
p r e f ilte r s  and  s lo w  sa n d  f ilters  c o u ld  h a v e  b ro a d  a p p lic a t io n  in  th e  d e v e lo p in g  w o r ld . T h e  
m u lt is ta g e  s y s te m  is  s im p le  and  re lia b le  and  d o e s  n o t  p r o d u c e  th e  w a s t e  h y d r o x y l  s lu d g e s  o f  
p h y s ic a l  c h e m ic a l tr e a tm e n t sy s te m s . I f  th e  sy s te m  is  t o  b e  c o n s id e r e d  f o r  a p p lic a t io n  in  th e  
d e v e lo p in g  w o r ld , a n  u n d e rsta n d in g  o f  t h e  p e r fo r m a n c e  lim its  o f  u n it  p r o c e s s e s  i s  r e q u ir e d  fo r  
c o m p a r is o n  w ith  s p e c if ic a t io n  req u ir em e n ts . I t  is  a ls o  r e c o g n is e d  th a t th e  p e r fo r m a n c e  o f  a  
s y s te m  c a n  d e p e n d  o n  o p e r a tio n a l p r o c e d u r e s , in  p a r ticu la r  th e  q u a lity  o f  th e  p la n t  o p e r a to r .
T h e  f ir s t  m u lt is ta g e  tr e a tm e n t sy s te m  u s e d  fo r  w a te r  tr e a tm e n t  w a s  b u ilt  b y  J o h n  G ib b  a t P a is le y  
in  S c o t la n d  in  1 8 0 4 .  T h e  sy s te m  c o n s is t e d  o f  a  g r a v e l p r e f ilte r  f o l lo w e d  b y  a  s l o w  sa n d  f ilte r  
an d  w a s  u s e d  t o  im p r o v e  th e  w a te r  q u a lity  in  J oh n  G ib b s  b le a c h e r y , e x c e s s  w a t e r  b e in g  s o ld  t o  
th e  g e n e r a l  p u b lic . M u lt is ta g e  s y s te m s  c o m p o s e d  o f  g r a v e l p r e f ilte r s  (P F ) a n d  s l o w  sa n d  f ilte r s  
( S S F )  a re  g e n e r a lly  e f fe c t iv e , s im p le  a n d  e ff ic ie n t . T h e ir  m a in  d r a w b a c k  in  t h e  in d u str ia lise d  
n a t io n s  is  d u e  t o  t h e  la r g er  land a rea  th a t is  req u ired  w h e n  c o m p a r e d  t o  tr a d it io n a l c h e m ic a l  
tr e a tm e n t  s y s te m s . T h e  re la tiv e ly  h ig h  la b o u r  and  p la n t r e q u ir e m e n ts  fo r  m a in te n a n c e  o f  th e  
s y s te m  is  a ls o  c o n s id e r  a  d ra w b a ck , a lth o u g h  th is  p ro b lem  ca n  b e  o v e r c o m e  i f  g o o d  p la n t d e s ig n  
an d  o p e r a t io n  a re  e n su r e d .
G r a v e l p r e filte r s  a n d  s lo w  sand  filters  a re  a p p ro p r ia te  s y s te m s  fo r  le s s  d e v e lo p e d  c o u n tr ie s  
w h e r e  c h e m ic a l s u p p lie s  are lim ited , e x p e n s iv e  and  u n re lia b le . S lo w  sa n d  f i lte r s  c a n  b e  t h e  m o s t  
e f f ic ie n t  s in g le  w a t e r  trea tm e n t p r o c e s s  i f  c o r r e c t ly  o p e r a te d , g iv in g  b a c te r ia l r e m o v a l  o f  9 8 %  t o  
9 9 .5 % , a  r e d u c t io n  in  Escherichia Coli o f  sa y  1 0 0 0  t im e s  and  e v e n  g r e a te r  v ir u s  r e m o v a l  (W H O  
G u id e lin e s  V o l .  1 , 1 9 9 3 ) .  O n ly  lim ite d  tra in in g  is  re q u ire d  f o r  th e  o p e r a t io n  o f  b io lo g ic a l  
tr e a tm e n t  p la n ts , a lth o u g h  a  cer ta in  le v e l  o f  u n d e r s ta n d in g  is  n e c e s s a r y  i f  a n  e f f ic ie n t  tr e a tm e n t  
s y s t e m  an d  r e lia b le  w a te r  su p p ly  are t o  b e  m a in ta in ed .
S ta n d  a lo n e  s lo w  sa n d  f ilters  m ay  n o t  b e  su ita b le  fo r  r a w  w a te r  s u p p lie s  o f  v a r y in g  q u a lity  a n d  
w h e r e  tu r b id it ie s  a r e  fr e q u e n tly  g rea te r  th a n  1 0  N T U  ( N e p h e lo m e tr ic  T u r b id ity  U n i t s ) .  W a te r s  
o f  h ig h  s u s p e n d e d  s o l id s  c o n te n t can  q u ic k ly  c lo g  th e  s u r fa c e  o f  t h e  filte r  b e d , r e d u c in g  th e  run  
p e r io d  a n d  th e  e f f ic ie n c y  o f  th e  trea tm en t p lan t. T h e  q u a lity  o f  th e  e ff lu e n t  m a y  a ls o  b e  a f fe c te d
1
i f  th e  run  p e r io d  is  s u f f ic ie n t ly  r e d u c e d  s o  a s  t o  p r e v e n t  th e  d e v e lo p m e n t  o f  a n  a d e q u a te  
s c h m u tz d e c k e . F o r  e f f ic ie n t  S S F  p e r fo r m a n c e  th e  tu rb id ity  lo a d in g  sh o u ld  b e  m a in ta in e d  b e lo w  
1 0  N T U  w ith  s h o r t  tu r b id ity  p e a k s  b e in g  g e n e r a lly  le s s  th a n  2 0  N T U .
H e n c e ,  s o m e  fo r m  o f  b u ffe r  p r io r  t o  S S F s  is  r eq u ired . T h is  c a n  b e  su p p lie d  b y  p r e f ilte r s . G ra v e l  
p r e f ilte r s  c a n  g r e a t ly  r e d u c e  th e  p h y s ic a l lo a d in g  o n t o  S S F , a n d  u n lik e  s o m e  c h e m ic a l  
a lte r n a t iv e s , w il l  n o t  a d v e r s e ly  e f fe c t  th e  b io lo g ic a l  p e r fo r m a n c e  o f  th e  S S F  b e d s .
2. Filtration Theory
T h e  e f f e c t s  o f  p h y s ic a l  c h a r a c te r is t ic s  o n  filtra tio n  p r o c e s s e s  h a v e  b e e n  w e l l  r e s e a r c h e d  and  
r e p o r te d . H o w e v e r ,  th e  in f lu e n c e  o f  ch em ica l and  b io lo g ic a l  p r o c e s s e s  a n d  th e  e f f e c t s  o f  
c o m b in e d  r e m o v a l  m e c h a n is m s  are  still n o t  w e ll  u n d e r s to o d . M a n y  fa c to r s  a f fe c t  th e  r e m o v a l o f  
s u s p e n d e d  m a tte r , n o t  o n ly  d u e  t o  th e  p a r tic le ’s  c h a r a c te r is t ic s  b u t a ls o  th e  p h y s ic a l, c h e m ic a l  
a n d  b io lo g ic a l  c h a r a c te r is t ic s  o f  th e  f ilte r  m e d ia , th e  w a te r  p r o p e r t ie s  and  o p e r a t io n a l c o n d it io n s .
F ig u r e  2 .1  s h o w s  t h e  m a in  tr ea tm e n t p r o c e s s  th a t c a n  b e  u s e d  t o  r e m o v e  p a r t ic le s  o f  d iffer e n t  
d ia m e te r s . B y  c o m p a r is o n  w ith  ty p ic a l p a r tic le  s iz e s  s h o w n  in  F ig u r e  2 .2  it c a n  b e  s e e n  th a t  
m o s t  m ic r o b io lo g ic a l  o r g a n is m s  c a n n o t  b e  r e m o v e d  b y  s c r e e n in g  o r  se d im e n ta t io n .
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F ig u r e  2 .1  T r e a tm e n t  P r o c e s s e s  r e la te d  to  P a r tic le  S iz e  (a d a p te d  fro m  T e b b u tt , 1 9 9 2 )
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F ig u r e  2 . 2  P a r tic le  S iz e  R a n g e s
2.1 Mathematical Modelling
M u c h  r e s e a r c h  e f fo r t  h a s  b e e n  d e v o t e d  t o  th e  d e v e lo p m e n t  o f  m a th e m a tic a l m o d e ls  t o  d e sc r ib e  
f iltr a t io n  p r o c e s s e s .  In itia l f ilter  r e s is ta n c e  ca n  b e  a c c u r a te ly  p r e d ic te d , h o w e v e r , t h e  m o d e ll in g  o f  th e  
f ilte r  p r o c e s s  h a s  b e e n  h a m p e red  b e c a u s e  o f  th e  d if f ic u lt ie s  in  p r e d ic t in g  th e  s p a c e  th a t th e  tr a p p e d  
s o l id s  w i l l  o c c u p y  a n d  th e ir  a rra n g em e n t w ith in  th e  b e d  (P a r d o n , 1 9 8 9 ) .  T h e  b a s ic  fo r m u la  d e v e lo p e d  
b y  D a r c y  t o  c a lc u la te  th e  h ea d  lo s s  (h )  d e v e lo p m e n t  a c r o s s  a  c le a n  b e d  o f  u n i- s iz e  m e d ia  o f  d e p th  I 
an d  a  c o e f f ic ie n t  o f  p er m e a b ility  K  an d  w ith  a  f lu id  v e lo c i t y  a t  t h e  f a c e  o f  th e  b e d  o f  v is:
h=  y  
I k
A  d e v e lo p m e n t  o f  th e  D a r c y  fo r m u la  is  th e  C a r m a n -K o z e n y  e q u a t io n  w h ic h  is:
h = E (l-fi 
I f  g d T
w h e r e  E  =  1 5 0 (1  -  f ) +  1 .7 5 , / (b e d  p o r o s i ty )  =  v o lu m e  o f  v o id s .
R  to ta l v o lu m e
d  =  c h a r a c te r is t ic  d ia m e te r  o f  m e d ia , R  is  th e  R e y n o ld s  N u m b e r  a n d  is  t h e  p a r tic le  sh a p e  
fa c to r  w h ic h  is  th e  r a tio  o f  th e  su r fa c e  a r ea  o f  an  e q u iv a le n t  v o lu m e  sp h e r e  t o  th e  a c tu a l s u r fa c e  
a rea  o f  th e  p a r tic le . T h e  a b o v e  e q u a t io n s  fo r  h e a d  lo s s  h a v e  a  lim ite d  u s e  b e c a u s e  th e y  b e c o m e  
in v a lid  w h e n  th e  f ilte r  is  u se d  fo r  t h e  r e m o v a l o f  s u s p e n d e d  m a tte r  s in c e  t h e  p o r o s ity  is  
c o n tin u a lly  c h a n g in g  d u e  t o  th e  a c c u m u la t io n  o f  th e  m a tte r  in  th e  v o id s  o f  th e  b e d . W o r k  b y  
I v e s  a n d  G r e g o r y  h a s  s h o w n  th at i f  th e  f ilte r  b e d  r e ta in s  s o l id s  th e  to ta l  h e a d  lo s s  c a n  b e  
e x p r e s s e d  a s  a  lin e a r  fu n c t io n , w h ic h  fo r  u n i- s iz e  m e d ia  is:
H  =  h  +  K  v c n t
(1 -y)
w h e r e  h  is  t h e  h e a d  lo s s  fr o m  th e  C a r m a n -K o z e n y  e q u a t io n , K  is  a  c o n s ta n t , t is  th e  t im e  o f  
o p e r a t io n  a n d  Co is  t h e  s o l id s  c o n c e n tr a t io n  o f  th e  in flu e n t w a te r  (T e b b u tt , 1 9 9 2 ) .  H o w e v e r ,  th is  
e q u a t io n  is  n o t  v e r y  u se fu l s in c e  Co is  l ik e ly  t o  b e  c o n t in u o u s ly  v a r y in g  w ith  t im e  and  /  w ill  
d e c r e a s e  in  t im e .
A n  a s s u m p tio n , m a d e  b y  Iw a sa k i in  1 9 3 7 , th a t th e  r a te  o f  r e m o v a l o f  s u s p e n d e d  m a tter  is  
p r o p o r t io n a l t o  t h e  c o n c e n tr a t io n  o f  t h e  s u s p e n d e d  m a tte r  c ,  w h ic h  r e d u c e s  w ith  d is ta n c e  
th r o u g h  th e  b e d , c a n  b e  e x p r e sse d  as:
5c = -Xc 
hx
w h e r e  x  is  th e  d is ta n c e  fr o m  th e  in le t s u r fa c e  o f  th e  b e d  an d  X is  a  f ilte r  c o e f f ic ie n t .  S in c e  th e n  
m a n y  a u th o r s  h a v e  a tte m p te d  to  d e v e lo p  m a th e m a tic a l m o d e ls ,  b a s e d  o n  th is  f ir s t  o r d e r  lin e a r  
d iffer e n tia l e q u a t io n  th a t o fte n  in c lu d e  se v e r a l p a r a m e te r s . A  c o n tr ib u tio n  c o m e s  fr o m  I v e s  
w h ic h  r e la te s  th e  c h a n g e  o f  th e  filter  c o e f f ic ie n t  t o  th e  d e p o s it io n  o f  s o l id s  in  th e  f i l t e r  b e d  a n d  is  
r e p r e s e n te d  by:
X = Xq+ KlCJy-K2_Gv 
P o -(Jv
T h e  te r m  ay i s  t h e  f i lte r  lo a d  e x p r e s s e d  a s  th e  v o lu m e  o f  s o l id s  d e p o s it  p er  u n it  v o lu m e  o f  f ilte r  
b e d . I t  v a r ie s  w it h  p o s i t io n  in  th e  b e d  an d  w ith  t im e  a n d  is  a  fu n c t io n  o f  v a r ia b le s  su c h  a s  
f i ltr a t io n  v e lo c i t y ,  f i l t e r  m e d ia  c h a r a c te r is t ic s  and  s u s p e n s io n  c h a r a c te r is t ic s . T h e  te r m s  Xo and  
P o  a r e  t h e  in itia l f i lte r  c o e f f ic ie n t  a n d  t h e  in itia l p o r o s ity  o f  t h e  b e d  r e s p e c t iv e ly . T h e  e q u a tio n  
t a k e s  in to  a c c o u n t  t h e  c h a n g e  in  s p e c i f ic  su r fa c e  a r e a  a n d  o f  v o id  v o lu m e s  d u e  t o  s o lid s  
d e p o s i t s .  I t  a ls o  a l lo w s  fo r  th e  r e d u c t io n  in  th e  e f f ic ie n c y  o f  p a r tic le  r e te n t io n  d u e  t o  th e  
in c r e a s e  in  th e  f lu id  v e lo c i t y  th r o u g h  th e  v o id s  (P a r d o n , 1 9 8 9 ^
I n te g r a t in g  I w a s a k i's  d iffe re n tia l e q u a t io n  g iv e s :
c = g
w h ic h  c a n  b e  u s e d  t o  p r e d ic t  th e  f i ltr a te  q u a lity  a t a n y  d e p th  x  th r o u g h  th e  f i lte r  b e d  (P a r d o n , 
1 9 8 9 ) .  B y  ta k in g  n a tu ra l lo g a r ith m s  o f  b o th  s id e s  o f  th is  e q u a t io n  th e  f o l lo w in g  is  o b ta in e d
X =  In Cn -  In c
X
B y  m e a s u r in g  t h e  s o l id s  c o n c e n tr a t io n  o f  th e  in flu e n t a n d  e f f lu e n t  o f  a  f i lte r  u n d e r  s te a d y  
c o n d it io n s  a n d  p u tt in g  x  a s  th e  w h o le  b e d  d ep th  th is  e q u a t io n  s h o u ld  g iv e  th e  f i lte r  c o e f f ic ie n t  X 
f o r  t h o s e  c o n d it io n s .  F r o m  th e  a b o v e  e q u a t io n  it ca n  b e  s e e n  th a t  t h e  filte r  c o e f f ic ie n t  is  r e la ted  
t o  t h e  p e r c e n ta g e  r e m o v a l  o f  s u s p e n d e d  s o l id s  th r o u g h  t h e  f ilte r  w h ic h  is  g iv e n  by:
p e r c e n ta g e  r e m o v a l =  -  c  x  1 0 0
Co
T h e  r e la t io n sh ip  b e t w e e n  th e  filte r  c o e f f ic ie n t  and  th e  p e r c e n ta g e  r e m o v a l ca n  b e  a p p r o x im a te d  
t o  l in e a r ity  fo r  l o w  p e r c e n ta g e  r e m o v a l c a s e s ,  i .e .  le s s  th a n  8 0  % . H o w e v e r  a b o v e  th is  v a lu e  th e  
r e la t io n s h ip  is  n o t  lin e a r . F o r  f ilte r s  a tta in in g  a  p e r c e n ta g e  r e m o v a l  u p  t o  s a y  6 0  %  it m a y  b e  
s u f f ic ie n t  t o  c o n s id e r  t h e  p e r c e n ta g e  r e m o v a l, t o  y ie ld  m o r e  r e s u lt s  th a t are  e a s ie r  t o  v is u a lis e  
th a n  t h o s e  in c lu d in g  t h e  f ilte r  c o e f f ic ie n t .
D e s p i t e  a t te m p ts  m a d e , a  re lia b le  m o d e l  h a s  y e t  to  b e  fo u n d  u s in g  th e  Iw a sa k i a p p r o a c h ,  
i .e .  ^  =  -X c .
ÔX
A n  im p o r ta n t  r e a s o n  fo r  th is  is  th a t  t h e  e q u a tio n  c o n ta in s  an  im p lic it  a s s u m p t io n  th a t th e  
s u s p e n s io n  c a n  b e  c h a r a c te r ise d  b y  i t s  m e a n  p r o p e r t ie s  s u c h  a s  t h e  m e a n  p a r t ic le  s iz e . T h is  
a s s u m p t io n  is  in v a lid  f o r  p o ly d is p e r s e  s u s p e n s io n s  a s  th e  p a r tic le  s i z e  d is tr ib u tio n  c h a n g e s  w ith  
b o th  d e p th  a n d  t im e . In  o r d e r  to  ta k e  a c c o u n t  o f  th e  s iz e  d is tr ib u tio n  it  is  n e c e s s a r y  t o  u s e  th e  
m o d if ie d  e q u a tio n :
=  -X i C/
ÔX
w h e r e  c  = 2 " ,= / c , . I f  e f f e c t iv e  m o d e ls  o f  filtra tio n  a re  t o  b e  d e v e lo p e d  th e n  it is  e s s e n t ia l  to  u s e  
e q u a t io n s  th a t t a k e  a c c o u n t  o f  p a r tic le  s i z e  d is tr ib u tio n  (M a c k ie  a n d  B a i,  1 9 9 3 ) .
I t  i s  im p o r ta n t  t o  n o t e  th a t p r e se n t t h e o r y  ta k e s  n o  a c c o u n t  o f  th e  e f f e c t s  o f  m ic r o b io lo g ic a l  and  
b io lo g ic a l  t r e a tm e n t  p r o c e s s e s  w ith in  b io lo g ic a l  f ilte r  b e d s . T h e  im p o r ta n c e  o f  b io lo g ic a l  
in f lu e n c e  o n  p a r t ic le  r e m o v a l h as b e e n  d e m o n str a te d  b y  th e  in c r e a s e  in  r e m o v a l e f f ic ie n c y  w ith  
t im e , d u e  t o  th e  r ip e n in g  o f  th e  f ilte r  b e d . It is  an  e x tr e m e ly  im p o r ta n t  c o n s id e r a t io n  and  o n e  
w h ic h  th e  a u th o r  b e l i e v e s  req u ires  m o r e  rese a r ch .
2.2 Filtration Mechanisms
T h e  m a in  m e c h a n is m s  o f  f iltra tio n  ca n  b e  lis te d  u n d e r  th e  f o l lo w in g  th r e e  h e a d in g s :  tr a n sp o r t,  
a tta c h m e n t  a n d  p u r if ic a t io n . T r a n sp o r t m e c h a n ism s  d e f in e  th e  m e a n s  b y  w h ic h  p a r tic le s  a re  
b r o u g h t  in to  c o n ta c t  w ith  th e  filte r  m e d ia  and  it is  th e  a tta c h m e n t  m e c h a n is m s  th a t  h o ld  th e s e  
p a r tic le s  o n to  th e  m e d ia  su r fa ce . T h e  p u r if ic a tio n  p r o c e s s e s  in v o lv e  m ic r o b io lo g ic a l  a n d  
c h e m ic a l o x id a t io n . T h e r e  are m a n y  fo r c e s  a c t in g  o n  p a r t ic le s  w ith in  a  filte r  b e d , s o m e  o f  th e s e  
p la y  a  r o le  in  b o th  th e  tra n sp o rt and  a tta c h m e n t m e c h a n is m s . T h e  f iltr a tio n  m e c h a n is m s  w ill  b e  
c o v e r e d  in  m o r e  d e ta il  b e lo w .
F o r  p a r t ic le s  w ith in  th e  c o llo id a l s iz e  ra n g e , i .e . g e n e r a lly  l e s s  th a n  a  f e w  p m , t h e  a f fe c t s  o f  
in te r -p a r t ic le  f o r c e s  o r  c o llo id a l in te r a c t io n s  b e c o m e  s ig n if ic a n t . T h e s e  f o r c e s  a r e  lin e a r ly  
d e p e n d e n t  o n  p a r t ic le  s iz e  and  b e c o m e  s tr o n g e r , r e la t iv e  t o  e x te r n a l fo r c e s ,  a s  p a r tic le  s iz e  
d e c r e a s e s .  C o llo id a l  in te r a c t io n s  h a v e  a  v e i y  sh o r t r a n g e , t y p ic a l ly  lim ite d  t o  a  f e w  n a n o m e te r s .  
A s  a  r e s u lt , t h e  p r o c e s s e s  o f  p a r tic le  tr a n sp o r t  an d  a tta c h m e n t  c a n  g e n e r a lly  b e  d e a lt  w ith  
s e p a r a te ly  (G r e g o r y , 1 9 9 3 ) .
2 .2 .1  T r a n s p o r t
T r a n sp o r t  d e f in e s  t h e  m e a n s  b y  w h ic h  p a r tic le s  c o m e  in to  c o n ta c t  w ith  th e  f i lte r  m e d ia . M a n y  
f a c to r s  w ill  a f fe c t  th e  tra n sp o rt o f  p a r tic le s  and  th e  d ir e c t io n  o f  th e ir  m o t io n . S u c h  fa c to r s  
in c lu d e  f lu id  f l o w ,  g r a v ity , d if fu s io n  an d  p a r tic le  c h a r a c te r is t ic s  (p h y s ic a l,  c h e m ic a l a n d  
b io lo g ic a l) .  T h e r e  a re  f iv e  m a in  m e a n s  o f  tra n sp o rt: d if fu s io n , s e d im e n ta t io n , in te r c e p t io n ,  
in er tia  a n d  h y d r o d y n a m ic  a c tio n . O f  t h e s e  it is  g e n e r a lly  c o n s id e r e d  th a t  d if fu s io n  a n d  
s e d im e n ta t io n  a re  t h e  d o m in a n t m e c h a n is m s  in  w a te r  f iltr a t io n . T h e  tr a n sp o r t m e c h a n is m s  a re  
i l lu s tr a te d  in  F ig u r e  2 .3 .
Interception Diffusion Inertia Sedimentation Hydrodynamic
F ig u r e  2 .3  F iltra tio n  T r a n sp o r t M e c h a n is m s  (a d a p te d  fr o m  I v e s , 1 9 7 5 )
i S t r a in in g  a n d  S c r e e n in g  -  S tra in in g  o c c u r s  w h e n  p a r t ic le s  o f  a  g r e a te r  s i z e  th a n  th e  
in terstit ia l s p a c e s  b e tw e e n  th e  filte r  m e d ia  are  r e ta in e d  o n  th e  s u r fa c e  o f  t h e  f i l t e r  m e d ia .
ii S e d i m e n t a t i o n  -  G r a v ita tio n a l f o r c e  c a u s e s  p a r t ic le s  t o  s e t t le  i f  th e  o p p o s in g  f l o w  stre a m  
is  n o t  t o o  g r e a t . P a r tic le s  o f  h ig h e r  d e n s it ie s  a n d  o f  la r g e r  s i z e s  are  m o r e  in f lu e n c e d  b y  
th is  m e c h a n is m , w ith  tem p e ra tu r e  a ls o  a f fe c t in g  t h e  s e d im e n ta t io n  p r o c e s s .  T h e  a m o u n t  
o f  s e d im e n ta t io n  th a t can  o c c u r  d e p e n d s  o n  t h e  s u r fa c e  a r e a  a v a ila b le  o n t o  w h ic h  th e  
p a r tic le s  c a n  s e t t le .  W ith  u p f lo w  f ilte r s  d ire c t  s e d im e n ta t io n  ca n  o c c u r  o n  th e  s u r fa c e  
fa c in g  th e  f l o w  d ir e c tio n  as w e ll  a s  in th e  h y d r o d y n a m ic  s h a d o w  z o n e  o n  t h e  t o p  s u r fa c e  
o f  th e  m e d ia .
iii H y d r o d y n a m i c  -  Irregu lar sh a p e d  p a r tic le s  w ill  r o ta te  d u e  t o  th e  e f f e c t  o f  t h e  f l o w  s tr e a m  
o n  th e ir  s u r fa c e . T h is  w ill r e su lt  in  th e  p a r tic le  c r o s s in g  s tr e a m lin e s  w h ic h  m a y  r e s u lt  in
c o l l i s io n  a n d  a tta c h m e n t to  th e  c o l le c to r . T h e s e  p a r tic le s  a re  g e n e r a lly  in  t h e  s iz e  r a n g e  o f  
1 t o  5 0  p.m.
iv  D i f f u s io n  -  T h e  s u s p e n d e d  p a r t ic le s  are  c o n t in u o u s ly  b e in g  s tr u c k  b y  w a te r  m o le c u le s ,  
u n d e r  B r o w n ia n  m o t io n . T h e  in f lu e n c e  o f  th is  a c t io n  is  t o  a lte r  th e  d ir e c t io n  o f  f lo w  o f  
t h e  p a r tic le s  s o  th a t  th e y  m a y  b e  fo r c e d  in to  a  c o l l i s io n  p a th  w ith  th e  c o l le c t o r  m ed ia . 
T h is  m e c h a n is m  is  im p o r ta n c e  t o  su b -m ic r o n  p a r tic le s , g e n e r a lly  le s s  th a n  1 |im .
V I n e r t ia  -  T h e  f o r c e s  e x e r te d  o n  p a r tic le s  a s  th e  f l o w  l in e s  c h a n g e  a r o u n d  th e  f ilte r  m e d ia , 
m a y  c a u s e  t h e  p a r tic le s  t o  c h a n g e  d ir e c t io n  a n d  h e n c e  c o l l id e  w ith  t h e  f ilte r  m ed ia . 
A lth o u g h  in e r tia l e f f e c t s  are  s ig n if ic a n t  in  air f iltr a t io n , t h e  in c r e a s e d  r e s is ta n c e  im p o s e d  b y  
a  f lu id  m a k e  in e r tia  e f fe c t s  n e g lig ib le  d u r in g  w a te r  f iltr a tio n .
v i  I n t e r c e p t io n  -  I n te r c e p t io n  o c c u r s  w h e n  th e  f l o w  p a th  o f  a  p a r tic le  is  s u f f ic ie n t ly  c lo s e  to  
t h e  c o l le c t o r  f o r  th e  p a r tic le  t o  a tta ch . E a r ly  s tu d ie s  c o n s id e r e d  in te r c e p t io n  t o  b e  a  
d is t in c t  tr a n s p o r t  m e ch a n ism . H o w e v e r ,  p r e s e n t  r e s e a r c h  c o n n e c t s  it  t o  d if fu s io n  and  
s e d im e n ta t io n  m e c h a n ism s , d e f in in g  it a s  a  b o u n d a r y  a tta c h m e n t  c o n d it io n .
T h e  c o m b in a t io n  o f  d if fu s io n  and  s e d im e n ta t io n  m e c h a n is m s  r e s u lt s  in  a  m in im u m  tra n sp o rt  
e f f ic ie n c y  fo r  p a r t ic le s  o f  d ia m e te r  a p p r o x im a tin g  1 p m . T h is  c o n c e p t  w a s  first d e m o n str a te d  b y  
Y a o  e t  al in  1 9 7 1 .
2 .2 . 2  A t t a c h m e n t
In  o r d e r  fo r  s u s p e n d e d  m a tter  to  b e  r e m o v e d  fr o m  w a te r , th e  f ilte r  m e d ia  m u st  a ls o  b e  a b le  to  
h o ld  t h e  p a r tic le s  a fte r  c o n ta c t  h as o c c u r r e d . T h e  m e a n s  b y  w h ic h  p a r tic le s  a r e  h e ld  o n to  th e  
m e d ia  su r fa c e  a re  d e s c r ib e d  b y  th e  a tta c h m e n t m e c h a n ism s . S u c h  m e c h a n is m s  in c lu d e  a d h e s io n , 
e le c tr o s t a t ic  a ttr a c t io n  an d  L o n d o n  v a n  d e r  W a a ls  fo r c e .
i A d h e s i o n  -  D u r in g  filter  b e d  r ip e n in g , p a r tic le s  s u c h  a s  o r g a n ic  m a tte r  d e p o s it  o n  th e  
f ilte r  m e d ia . D u e  t o  b io c h e m ic a l a n d  b a c te r ia l a c t iv ity  a  z o o g lo e a l  s l im e  fo r m s , m a d e  u p  
fr o m  l iv e  b a c te r ia , m e ta b o lic  p r o d u c t s  and  d e a d  c e l ls .  A d h e s io n  o c c u r s  b e t w e e n  p a r tic le s  
in  th e  r a w  w a t e r  and  th is  g e la t in o u s  film  o n  th e  s u r fa c e  o f  th e  f ilte r  m e d ia . O r g a n ic  and  
in er t  m a tte r  is  a ls o  tra p p ed  in th e  s l im e  fo r  r e m o v a l d u r in g  th e  c le a n in g  p r o c e s s .
ii C o l lo id a l  I n t e r a c t i o n s  -  T h e s e  in c lu d e  e le c tr o s ta t ic  a ttr a c t io n  and  L o n d o n  v a n  d e r  W a a ls  
fo r c e s .  T h e s e  a re  d is c u s s e d  in  S e c t io n  2 .2 .3 .
2 .2 . 3  C o l lo id a l  I n t e r a c t i o n s
T h e  m o s t  im p o r ta n t  c o l lo id  in te r a c t io n s  a re  v a n  d e r  W a a ls  a ttr a c t io n  (m a s s  a ttr a c t io n )  and  
e le c tr ic a l  in te r a c t io n , w h ic h  m a y  b e  a ttr a c t iv e  o r  r e p u ls iv e . T o g e t h e r  t h e s e  fo r m  t h e  b a s is  o f  th e  
c la s s ic a l  D L V O  th e o r y  o f  c o llo id  s ta b ility  w h ic h  w a s  p r o p o s e d  b y  D e r y a g in  and  L a n d a u  in  1 9 4 1  
a n d  th e n  in d e p e n d e n t ly  b y  V e r w e y  a n d  O v e r b e e k  in  1 9 4 8 . O th e r  'n o n - D L V C  f o r c e s  a re  n o w  
k n o w n  t o  h a v e  a n  e f f e c t  and  m a y  b e  im p o r ta n t in  d e te r m in in g  w h e th e r  p a r t ic le s  c a n  a tta c h  to  
e a c h  o th e r  o r  to  o th e r  su r fa c es . T h e s e  in c lu d e  v a r io u s  k in d s  o f  h y d r a tio n  e f f e c t s  w h ic h  a re  o fte n  
a s s o c ia t e d  w ith  h y d r a tio n  o f  io n s  a t p a r t ic le  s u r fa c e s  a n d  u s u a lly  g iv e  an e x tr a  r e p u ls io n . T h is  
h y d r a t io n  r e p u ls io n  o c c u r s  w ith  p a r tic le s  th a t h a v e  h y d r o p h ilic  m a ter ia l at th e ir  s u r fa c e  and  is  
e s s e n t ia l ly  d u e  t o  t h e  n e e d  fo r  th e  s u r fa c e s  to  b e c o m e  d e h y d r a te d  i f  tr u e  c o n ta c t  b e t w e e n  th e  
p a r t ic le s  is  t o  b e  m a d e . A n o th e r  im p o r ta n t e f fe c t  fo u n d  in  a q u e o u s  s u s p e n s io n s  is  h y d r o p h o b ic  
in te r a c t io n . A  h y d r o p h o b ic  su r fa c e  is  o n e  th at h a s  n o  h y d r o g e n  b o n d in g  s i t e s ,  a n d  h e n c e  n o  
a ff in ity  f o r  w a te r , a n d  w h e n  su ch  a  s u r fa c e  is  in c o n ta c t  w ith  w a t e r  th e  m o le c u la r  s tr u c tu r e  o f  
t h e  w a t e r  is  e f f e c te d . W h e n  tw o  h y d r o p h o b ic  s u r fa c e s  a re  b r o u g h t  t o g e th e r  in  w a t e r  t h e  e f fe c t  
o n  t h e  m o le c u la r  s tr u c tu r e  c a u s e s  w a t e r  m o le c u le s  t o  m ig r a te  fr o m  th e  g a p  b e t w e e n  th e  
s u r fa c e s . T h is  m ig r a tio n  c a u s e s  an a ttr a c t io n  o f  th e  h y d r o p h o b ic  s u r fa c e s  (G r e g o r y , 1 9 9 3 ) .
A ttr a c t io n  a n d  r e p u ls io n  o f  p a r tic le s  ca n  a ls o  b e  c a u s e d  b y  th e  p r e s e n c e  o f  a d s o r b e d  p o ly m e r s  
( o r  n a tu ra l o r g a n ic  m a tte r ) . S o m e  p o ly m e r s  are  h y d r o p h ilic  a n d  s e r v e  t o  e n h a n c e  th e  h y d r a tio n  
e f f e c t  d is c u s s e d  a b o v e . A n  in d ire c t r e p u ls io n  e f f e c t  is  c r e a te d  w h e n  th e  p o ly m e r s  fo r m  lo n g  
c h a in s  th a t  p r e v e n t  th e  p a r tic le s  m o v in g  c lo s e  to g e th e r  s o  e lim in a t in g  v a n  d e r  W a a ls  a ttr a c tio n .  
T h e s e  e f f e c t s  a re  k n o w n  a s  s te r ic  in ter a c tio n . L o n g  ch a in  p o ly m e r s  c a n  a c t  t o  g iv e  a n  a ttr a c t iv e  
e f f e c t  b y  a tta c h in g  t o  t w o  o r  m o r e  p a r tic le s  and  h o ld in g  th e m  t o g e t h e r , th is  is  p o ly m e r  b r id g in g  
(G r e g o r y , 1 9 9 3 ) .
i E l e c t r o s t a t i c  A t t r a c t i o n  -  P a r tic le s  o f  u n lik e  e le c tr o k in e t ic  ( z e t a )  p o te n t ia ls  w i l l  a ttra c t. 
E le c t r o s t a t ic  f o r c e s  a r e  in v e r se ly  p r o p o r t io n a l t o  th e  s e c o n d  p o w e r  o f  th e  d is ta n c e  ap a rt, a n d  
a r e  h e n c e  p o w e r fu l  o n ly  a t sh or t d is ta n c e s . T h e y  a re  a ls o  o n ly  o f  s u b s e q u e n t  f o r c e  o n  
sm a lle r  s iz e d  p a r t ic le s , s in c e  o th e r  m e c h a n ism s  w o u ld  h a v e  m o r e  s ig n if ic a n t  e f f e c t  o n  la r g e r  
p a r tic le s . S a n d , o n e  o f  th e  m o s t  c o m m o n  filtr a tio n  m e d ia  in  u s e ,  h a s  a  n e g a t iv e  z e t a  
p o te n t ia l ,  a s  d o  t h e  m a jo r ity  o f  b io lo g ic a l  m ic r o o r g a n is m s  a n d  o r g a n ic  c o l lo id s .  H e n c e ,  fo r  
e le c tr o s t a t ic  a ttr a c t io n  t o  o c c u r  it is  f ir s t  n e c e s s a r y  fo r  p o s i t iv e ly  c h a r g e d  p a r t ic le s  t o  a d h e r e , 
c h a n g in g  th e  s u r fa c e  c h a r g e  o f  th e  filte r  m e d ia , t o  a l lo w  s e c o n d a r y  a d h e r e n c e  t o  o c c u r .
H e n c e ,  a  r ip e n in g  p e r io d  is  n e c e s sa r y  t o  a llo w  fo r  m e ta l io n  a tta c h m e n t  t o  th e  f i lte r  m e d ia  t o  
c a u s e  a  r e v e r s a l o f  t h e  su r fa c e  c h a r g e  o n  th e  f iltra tio n  m e d ia . O n c e  th e  s u r fa c e  c h a r g e  h a s  
b e e n  r e v e r s e d  n e g a t iv e ly  ch a rg ed  m ic r o -o r g a n is m s  and  o r g a n ic  c o l lo id s  m a y  a d h e r e .
T t  is  o b v io u s  th at w e  a re  h e r e  in  th e  p r e s e n c e  o f  s e c o n d a r y  a d s o r p t io n , v iz . ,  
m u lt i- la y e r  a d so rp tio n . T h e  n e g a t iv e ly  c h a r g e d  o r g a n ic  m a tte r  a n d  g e r m s  a re  
a ttr a c te d  b y  th e  th in  p o s i t iv e  m e ta llic  la y e r  o f F e z O s ,  C a C o s  a n d  A I2O 3 . ’
V a n  d e  V lo e d  ( 1 9 5 5 )
ii L o n d o n  v a n  d e r  W a a l s  fo r c e s  -  T h e s e  fo r c e s  o c c u r  d u e  t o  m a s s  a ttr a c t io n  b e t w e e n  a to m s  
a n d  m o le c u le s .  A g a in , th e  e f fe c t  o f  th e s e  fo r c e s  o v e r  a  la r g e  d is ta n c e  b e c o m e  sm a ll a n d  
a lm o s t  n e g lig ib le  a t d is ta n c e s  fu rth er  th a n  a p p r o x im a te ly  0 .0 5  p.m . H o w e v e r ,  t h e s e  f o r c e s  
m a y  b e  im p o r ta n t  f o r  h o ld in g  th e  p a r tic le s  t o  th e  m e d ia  s u r fa c e  o n c e  c o n ta c t  h a s  b e e n  m a d e .
2 .2 .4  P u r i f i c a t i o n
P u r if ic a t io n  m e c h a n is m s  in c lu d e  m ic r o b io lo g ic a l and  c h e m ic a l o x id a t io n . In  m ic r o b io lo g ic a l  
o x id a t io n , m ic r o b e s  o x id is e  o rg a n ic  m a tter  to  s u p p o r t  m e ta b o lis m  a n d  g r o w th . C o n v e r s io n  o f  
m ic r o b ia l d e g r a d a tio n  p r o d u c ts  o c c u r s  d u r in g  c h e m ic a l o x id a t io n . T h e s e  p r o c e s s e s  h a v e  b e e n  
c o n s id e r e d  t o  b e  m o r e  im p o rta n t in s lo w  sa n d  filte r s  s in c e , tr a d it io n a lly , g r a v e l f i l t e r s  h a v e  b e e n  
d e s ig n e d  p r im a r ily  f o r  p h y s ic a l p a r tic le  r e m o v a l. H o w e v e r  t h e  la r g e  d e g r e e  o f  b io lo g ic a l  
tr e a tm e n t  th a t h a s  b e e n  o b se r v e d  in th e  u p f lo w  g r a v e l p r e f ilte r s  a t th e  S h a lfo r d  p i lo t  p la n t (a s  
d is c u s s e d  in th is  r e p o r t)  s tr e s s e s  th e  s ig n if ic a n c e  o f  su c h  m e c h a n is m s  in  t h e s e  f i l t e r s  b e d s .
2 .2 .5  B i o l o g i c a l  M e c h a n i s m s
A ll o f  th e  f iltr a t io n  th e o r y  d isc u sse d  s o  far , w ith  th e  s o le  e x c e p t io n  o f  a d h e s io n , h a s  n e g le c t e d  t o  
c o n s id e r  t h e  im p a c t  o f  b io lo g ic a l a c t iv ity  w ith in  th e  f ilte r  b e d . T h e  m a jo r ity  o f  a v a ila b le  
lite r a tu r e  o n ly  c o n s id e r s  th e  p h ysica l m e c h a n ism s  o f  f iltra tio n , a lth o u g h  an  a w a r e n e s s  o f  th e  
p r e s e n c e  o f  b io lo g ic a l  a c t iv ity  in th e  m a jo r ity  o f  f ilte r  b e d s  is  a c k n o w le d g e d . T h e  e x c lu s io n  o f  
m ic r o b io lo g ic a l  a n d  b io lo g ic a l  e f fe c ts  is  m a in ly  d u e  to  th e  c o m p le x it y  o f  b e in g  a b le  t o  re lia b ly  
a s s e s s  th e  in f lu e n c e  o f  su c h  a c tio n s  and  to  d e v is e  a  m o d e l  th a t  w o u ld  b e  a b le  t o  t a k e  in to  
c o n s id e r a t io n  s o  m a n y  c o m p le x  and in te r a c tin g  c o m p o n e n ts .
It i s  g e n e r a lly  c o n s id e r e d  th a t, w h e r e a s  s lo w  sa n d  f ilte r s  a r e  p r e d o m in a n tly  b io lo g ic a l  in  th e ir  
tr e a tm e n t  p r o c e s s e s ,  g r a v e l  f ilter s  are  m a in ly  p h y s ic a l. T h e  in p u t  o f  b io lo g ic a l  in f lu e n c e s  o n  th e  
tr e a tm e n t  p r o c e s s  h a s  p r e v io u s ly  b e e n  c o n s id e r e d  t o  b e  r e la t iv e ly  u n im p o r ta n t. H o w e v e r ,  th is  
r e s e a r c h  h a s  fo u n d  s ig n if ic a n t  b io lo g ic a l tr e a tm e n t w ith in  th e  f ilte r  b e d s  and  th e  a u th o r  b e l ie v e s  
th a t s u c h  a s p e c t s  s h o u ld  n o t  b e  d isre g a r d e d .
3. Turbidity dosing of Shalford Pilot Plant
3.1 Introduction
D o s in g  e x p e r im e n t s  w e r e  c a rr ied  o u t  o n  a  s e r ie s  o f  th r e e  u p f lo w  g r a v e l  p r e f i lte r s  in  o r d e r  to  
a s s e s  th e ir  p e r fo r m a n c e  w h e n  c h a lle n g e d  w it h  h ig h ly  tu rb id  w a te r . A  c o n c e n tr a te d  s o lu t io n  o f  
k a o l in  w a s  m a d e  a n d  d o s e d  in to  th e  in le t  p ip e  o f  th e  f ir s t  p r e f i lte r . D e s ig n  d e ta ils  o f  th e  
p r e f i l t e r s  a re  g iv e n  in  th e  Six Monthly Report for the period October to March 1994, 
s u b m it te d  b y  H e le n  E v a n s  f o r  p ar tia l f u l f i l lm e n t  o f  th e  E n g in e e r in g  D o c to r a te  in  
E n v ir o n m e n ta l  T e c h n o lo g y .  A  s c h e m a t ic  o f  th e  p i lo t  p la n t  is  g iv e n  in  F ig u r e  3 .1 .  T h e  
tu r b id ity  o f  t h e  r a w  w a te r , w h ic h  w a s  a b str a c te d  fr o m  th e  R iv e r  T i l l in g b o u m e , a  tr ib u ta ry  to  
t h e  R iv e r  W e y , w a s  g e n e r a l ly  le s s  th an  1 0  N T U . T h is  tu r b id ity  lo a d in g  w a s  n o t  b e l ie v e d  t o  b e  
a n  a d e q u a te  t e s t  f o r  th e  m u lt is ta g e  p r e tr e a tm e n t s y s te m . H e n c e  it  w a s  d e c id e d  to  d o s e  th e  
p r e f i l t e r  l in e  w i t h  a  s o lu t io n  o f  k a o lin  in  o r d e r  to  c h a lle n g e  th e  s y s t e m  w ith  h ig h e r  tu r b id ity  
w a te r s .
Header tank kaolin dosing 
tank (401)
Raw water 
sampling point
140 mm gravel
PFl Effluent 
sampling point
PF2 Effluent 
sampling point
20 mm gravel
10 mm gravel
PF3 Effluent
sampling pomt
F ig u r e  3 .1  S c h e m a t ic  o f  S h a lfo r d  P i lo t  P la n t
T h e  p e r fo r m a n c e  o f  th e  g r a v e l  p r e f ilte r s  u n d e r  d if fe r e n t  c o n d it io n s  w a s  a ls o  d e s ig n e d  to  y ie ld  
m o r e  in fo r m a t io n  o n  t h e  r e m o v a l  c h a r a c te r is t ic s  o f  g r a v e l  f i l t e r  b e d s .  S a m p le s  w e r e  c o l le c t e d  
at r e g u la r  in t e r v a ls  f o r  p a r t ic le  a s s e s s m e n t  b a s e d  o n  tu r b id ity  r e a d in g s , s u s p e n d e d  s o l id s  
m e a s u r e m e n t  a n d  p a r t ic le  s i z e  d is tr ib u tio n  a n a ly s is  u s in g  a  C o u lte r  M u lt is iz e r  I I  p a r t ic le  
c o u n te r .
3.2 Kaolin Characteristics
K a o l in i t e  i s  a  c la y  m in e r a l c o m p o s e d  o f  S i l i c a  a n d  A lu m in iu m  m o le c u le s .  I t s  c h e m ic a l  
f o r m u la  is  S i 4 A l 4 0 ]o (O H )g . T h e  in d iv id u a l  m o le c u le s  a re  h e x a g o n a l  in  s h a p e  a n d  o f  
a p p r o x im a te  d ia m e t e r  0 . 1  t o  4  p m  a n d  d e p th  0 .0 5  to  2  p m . A  s t r o n g  O x y g e n  -  H y d r o x id e  ( O -  
O H )  b o n d  h o ld s  in d iv id u a l  m o le c u le s  to g e th e r  in  a  s ta c k  fo r m a t io n  w h ic h  is  n o n - s w e l l in g .  It  
i s  d u e  t o  th e  fo r m a t io n  o f  s ta c k s  th at a  s o lu t io n  o f  k a o lin  g iv e s  a  r a n g e  o f  p a r t ic le  s i z e s  u p  to  
3 0 0 0  b y  4 0 0 0  p m . K a o l in  m o le c u le s  are n e g a t iv e ly  c h a r g e d  o n  t h e  f la t  s u r fa c e s  a n d  p o s i t iv e ly  
c h a r g e d  o n  th e ir  e d g e s .
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0.05 to 2 um
0.1 to 4 um
F ig u r e  3 .2  C h a r a c te r is t ic s  o f  K a o l in
A n a ly s i s  o f  a  s o lu t io n  o f  k a o l in e  a n d  p a r t ic le  f r e e  w a te r  y ie ld e d  a  p a r t ic le  s i z e  d is tr ib u t io n  
p r o f i l e  s im ila r  t o  th a t  e x p e c te d  fr o m  a  ty p ic a l  r a w  w a te r  s a m p le . H e n c e  k a o l in  w a s  d e c id e d  to  
b e  a n  a p p r o p r ia te  s u s p e n d e d  s o l id s  s u b s t itu te  t o  t e s t  th e  m u lt i s t a g e  tr e a tm e n t  s y s t e m .
3.3 Plant Alterations and Set-up
A  g e n e r a l  d e s c r ip t io n  o f  th e  S h a lfo r d  p i lo t  p la n t  is  g iv e n  in  t h e  a u th o r s  Six Monthly Report for  
the period October to 30^  ^March 1994. M o d if ic a t io n s  w e r e  m a d e  t o  th e  p i lo t  p la n t  in  o r d e r  
f o r  d o s in g  a n d  s a m p l in g  to  o c c u r . A  s a m p lin g  ‘T ’ w a s  c o n s tr u c te d  in  o r d e r  t o  a l l o w  th e  
m e a s u r e m e n t  o f  tu r b id ity  e n te r in g  th e  f ir s t  p r e f i lte r . T h e  ‘T ’ w a s  c o n s tr u c te d  a t  t h e  in le t  to  t h e  
f ir s t  p r e f ilte r , m in im is in g  th e  le n g th  o f  p ip e  a n d  n u m b e r s  o f  p ip e  f i t t in g s  in  w h ic h  
s e d im e n ta t io n  c o u ld  o c c u r , s in c e  it  h a d  b e e n  o b s e r v e d  th a t s e t t le m e n t  w a s  o c c u r r in g  in  th e  
s u p p ly  a n d  h e a d e r  ta n k s  a n d  a ls o  th r o u g h o u t  th e  c o n n e c t in g  p ip e s .  D u e  t o  th e  n e w ly  
c o n s tr u c te d  s a m p l in g  ‘T ’ in a c c u r a c ie s  c a u s e d  b y  t h e  lo s s  o f  p a r t ic le  lo a d in g  a t  t h e  in le t  to  th e  
f ir s t  p r e f i lte r , c a u s e d  b y  s e t t le m e n t  in  t h e  in le t  p ip e ,  c o u ld  b e  o v e r c o m e .  T h e  t o ta l  h e ig h t  o f  
t h e  s a m p lin g  ‘T ’ w a s  a p p r o x im a te ly  1 .5  m  fr o m  t h e  in le t  to  P F l .
F o r  t h e  d o s in g  e x p e r im e n ts ,  it  w a s  n e c e s s a r y  to  c o n s tr u c t  a  d o s in g  ‘T ’ a t th e  in le t  p ip e  o f  th e  
f ir s t  p r e f ilte r . T h e  d o s in g  ‘T ’ w a s  s itu a te d  a p p r o x im a te ly  o n e  m e t e r  fr o m  t h e  s a m p l in g  ‘T ’ a t  
th e  p r e f ilte r  b a s e  (F ig u r e  3 .3 ) .  T h is  e n su r e d  th a t  t h e  d o s in g  s o lu t io n  w a s  a d e q u a te ly  m ix e d  
p r io r  to  e n te r in g  t h e  tr ea tm e n t s y s te m . S in c e  t h e  n e w  d o s in g  ‘T ’ h a d  to  b e  c o n s tr u c te d  a t t h e  
b a s e  o f  th e  p la t fo r m  (a p p r o x im a te ly  1 m  b e lo w  th e  b a s e  o f  P F l ) ,  i t  w a s  n e c e s s a r y  t o  f i t  a  v a lv e  
u p str e a m  o f  th e  d o s in g  ‘T ’ to  e n su r e  th a t th e  h y d r a u lic s  d id  n o t  c a u s e  o v e r f lo w  th r o u g h  th e  ‘T ’ 
s tr u c tu r e . T h is  v a l v e  w a s  u s e d  to  c o n tr o l th e  f l o w  in to  th e  p r e tr e a tm e n t  s y s t e m  w i t h  th e  v a lv e  
at th e  in le t  to  P F l  b e in g  s e t  t o  f u l ly  o p e n . T h e  to ta l h e ig h t  o f  th e  d o s in g  ‘T ’ w a s  
a p p r o x im a te ly  2 .7  m  fr o m  th e  g r o u n d .
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F ig u r e  3 .3  D o s in g  a n d  S a m p lin g  ‘T s ’
T h e  k a o l in  d o s in g  ta n k  w a s  p la c e d  n e x t  to  P F 1 o n  th e  to p  l e v e l  o f  th e  p la tfo r m  w h ic h  h e ld  th e  
p r e f i l t e r  ta n k s . T h e  p e r is ta lt ic  p u m p  u s e d  f o r  d o s in g  th e  k a o l in  in to  th e  d o s in g  ‘T ’ w a s  p la c e d  
o n  th e  l id  o f  P F l ,  o n e  e n d  o f  th e  ty g o n  tu b in g  b e in g  p la c e d  in  th e  k a o lin  d o s in g  ta n k  a n d  th e  
o th e r  in  th e  d o s in g  ‘T ’ . A  w e ig h t  w a s  f ix e d  to  th e  e n d  o f  th e  t y g o n  tu b in g  to  p r e v e n t  it  fr o m  
f lo a t in g  a n d  fr o m  g e t t in g  e n ta n g le d  w ith  t h e  s tirrer . T h e  t u b in g  w a s  a rran ged  s o  a s  to  d r a w  
s a m p le  fr o m  th e  d o s in g  ta n k  a t a p p r o x im a te ly  5 0  m m  fr o m  th e  b a s e  o f  th e  tan k . T h is  a v o id e d  
th e  p o te n t ia l  p r o b le m  o f  s e t t le d  k a o lin  a f f e c t in g  th e  tu r b id ity  d o s in g , a lth o u g h  c o n t in u o u s  
s t ir r in g  o f  th e  k a o l in  s o lu t io n  m in im is e d  s u c h  s e t t le m e n t . A  le n g th  o f  f le x ib le  t u b in g  w a s  f ix e d  
in to  th e  d o s in g  ‘T ’ , th e  le n g th  o f  tu b in g  b e in g  a d e q u a te  to  r e a c h  th e  b o tto m  o f  th e  d o s in g  p ip e .  
T h e  t y g o n  tu b in g  fr o m  th e  p e r is ta lt ic  p u m p  f e d  in to  th is  f l e x ib l e  t u b in g  so  th a t t h e  k a o l in  c o u ld  
b e  d o s e d  d ir e c t ly  in to  th e  f l o w  str e a m  o f  th e  r a w  w a ter .
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3.4 Methodology
T h e  s o lu t io n  o f  k a o lin  w a s  p rep a red  b y  f illin g  th e  d o s in g  ta n k  w ith  t e n  litr e s  o f  w a t e r  a n d  th e n  
s if t in g  th e  k a o lin  in to  th e  ta n k . T h e  k a o lin  w a s  th o r o u g h ly  m ix e d  b y  u s e  o f  a  w h is k  b e fo r e  a  
fu r th er  th ir ty  litr e s  o f  w a te r  w a s  a d d e d . T h e  w a te r  u s e d  in  t h e s e  e x p e r im e n ts  w a s  ta k e n  fr o m  
th e  e f f lu e n ts  o f  F a b r ic  E n h a n c e d  F ilte r s  B  an d  C , th is  w a te r  b e in g  o f  a  tu r b id ity  l e s s  th a n  0 .2  
N T U  fo r  a ll o c c a s io n s  e x c e p t  o n e  (o n  th e  2 3 ^  A u g u s t  th e  e ff lu e n t  o f  F E F C  h a d  a  tu r b id ity  v a lu e  
o f  0 .5 9  N T U ) .
A  stirrer  w a s  s e t  u p  in  o r d e r  t o  e n su r e  th a t th e  k a o lin  in  th e  d o s in g  ta n k  r e m a in e d  in  s u s p e n s io n .  
D u e  t o  t h e  l im ita t io n  in  s iz e  o f  d o s in g  ta n k , th e  d o s in g  r a te  o f  th e  p u m p  h ad  t o  b e  d e te r m in e d  b y  
th e  tu r b id ity  r eq u ir e d  t o  d o s e  th e  g r a v e l p re filte r s  a n d  le n g th  o f  d o s in g  p e r io d . A n  in itia l R u n  
w a s  ca rr ied  o u t  t o  d e te r m in e  th e  m o s t  a p p r o p r ia te  ex p e r im e n ta l m e t h o d o lo g y . R u n  1 in v o lv e d  
d o s in g  a  s o lu t io n  o f  k a o lin  a t d iffe r en t r a te s  in to  th e  d o s in g  ‘T ’ in  o r d e r  t o  d e te r m in e  th e  
tu rb id ity  o f  th e  r a w  w a te r  lo a d in g  o n to  P F l  fo r  a  k n o w n  w e ig h t  o f  k a o lin . T h e  w e ig h t  o f  k a o lin  
u s e d  in  R u n  1 d e te r m in e d  th e  w e ig h t  o f  k a o lin  req u ired  fo r  s u b s e q u e n t  e x p e r im e n ts , b a s e d  o n  
th e  a s s u m p tio n  th a t  a  lin e a r  r e la tio n sh ip  e x is t s  b e tw e e n  th e  w e ig h t  o f  k a o lin  a n d  t h e  tu r b id ity  
a c h ie v e d . A lth o u g h  th is  a s su m p tio n  d id  n o t  y ie ld  p r e c is e  tu rb id it ie s , th is  w a s  n o t  c o n s id e r e d  to  
b e  a  m a jo r  fa c to r  s in c e  th e  a im  o f  th e  e x p e r im e n ts  w a s  t o  a s s e s s  th e  p e r fo r m a n c e  o f  t h e  p ilo t  
p la n t u n d e r  n o n -s p e c if ic ,  h ig h  tu rb id ity  lo a d in g  c o n d it io n s .
R u n  1 a llo w e d  th e  to ta l d o s in g  t im e  req u ired  fo r  fu tu r e  e x p e r im e n ts  t o  b e  e s t im a te d ,  
s u b s e q u e n t ly  d e te r m in in g  th e  m a x im u m  p u m p  d o s in g  ra te . T h e  d o s in g  r a te  w a s  f ix e d  a t 0 .1  
1/m in fo r  R u n s  2  a n d  3 , a llo w in g  a  to ta l  d o s in g  p e r io d  o f  3 0 5  m in u te s , w h ils t  th e  d o s in g  r a te  w a s  
v a r ie d  b e tw e e n  0 .7  1/m in t o  0 .1 4  1/m d u r in g  R u n  4 . It w a s  n e c e s s a r y  t o  c o n tr o l  th e  d o s in g  r a te  
fo r  R u n s  2  a n d  3 in  o r d e r  t o  e n su r e  th a t th e  v o lu m e  o f  s o lu t io n  h e ld  in  th e  d o s in g  ta n k  w o u ld  b e  
su ff ic ie n t  fo r  th e  w h o le  p e r io d  o f  th e  e x p e r im e n t . H e n c e , th e  tu rb id ity  d o s in g  th e  p r e tr e a tm e n t  
s y s te m  w a s  c o n tr o l le d  b y  th e  c o n c e n tr a t io n  o f  d o s in g  s o lu t io n  a n d  n o t  th e  s p e e d  o f  d o s a g e .
O n c e  t h e  s o lu t io n  h ad  b e e n  p rep a red  d o s in g  c o m m e n c e d . T h e  t im e  w a s  r e c o r d e d  fr o m  t h e  sta rt  
o f  d o s in g  w ith  th e  f ir s t sa m p le s  b e in g  ta k e n  a fte r  f iv e  m in u te s  o f  d o s in g . S a m p le s  w e r e  th e n  
ta k e n  e v e r y  1 0 , 15 o r  2 0  m in u te s  ( s e e  S e c t io n  3 .6  R e s u lt s ) .
D u r in g  p e r io d s  o f  ra in  th e  p u m p  a n d  stirrer m o to r  w e r e  c o v e r e d . T h e  p u m p  w a s  f lu s h e d  w ith  
c le a n  w a te r  a fte r  u s e  t o  c le a n  th e  t y g o n  tu b in g .
3.5 Sampling and Measurements
3.5.1 Sampling Methods
F o u r  s a m p lin g  p o in ts  w e r e  u s e d  fo r  R u n s  1 t o  4 , t h e s e  are  s h o w n  in  F ig u r e  3 .1 ,  t h e s e  w e r e :
i R a w  w a te r
ii E ff lu e n t  o f  P F l
iii E ff lu e n t  o f  P F 2
iv  E ff lu e n t  o f  P F 3
T h e  r a w  w a te r  s a m p le  w a s  s ip h o n e d  fr o m  th e  sa m p lin g  ‘T ’ . T h e  w a te r  w a s  a l lo w e d  t o  ru n  t o  
w a s t e  f o r  a  m in u te  p r io r  t o  ta k in g  th e  sa m p le . S a m p le s  fo r  th e  e f f lu e n ts  o f  P F l  a n d  P F 2  w e r e
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ta k e n  fr o m  th e  su p e r n a ta n t  o n  th e  p r e f i lte r s , at a  p o s it io n  c lo s e  to  th e  o u t le t . C a re  w a s  ta k e n  
n o t  to  d istu rb  s e d im e n t  o n  th e  m e d ia  s u r fa c e  d u r in g  s a m p lin g . T h e  e f f lu e n t  fr o m  P F 3  w a s  
ta k e n  fr o m  th e  in le t  p ip e  in to  th e  m a n if o ld  ta n k , th is  w a s  d ir e c t ly  c o n n e c te d  to  th e  e f f lu e n t  o f  
P F 3  b y  a  1 .5  m  lo n g  f l e x ib l e  p ip e . S e d im e n ta t io n  in  th e  f l e x ib l e  p ip e  w a s  a s s u m e d  to  b e  
n e g l ig ib le .
S a m p le s  r e q u ir e d  f o r  la b o r a to r y  a n a ly s is  w e r e  ta k e n  in  N a lg e n e  5 0 0  m l b o tt le s , w h i l s t  s a m p le s  
u s e d  f o r  im m e d ia te  tu r b id ity  a n a ly s is  o n ly ,  ca rr ied  o u t  o n  s i t e  w e r e  ta k e n  in  N a lg e n e  2 5 0  m l  
b o t t le s .
.  i &
F ig u r e  3 .4  T u r b id ity  S a m p lin g
3.5.2 Measurement Methods
Turbidity
T u r b id ity  in  w a te r  is  c a u s e d  b y  th e  p r e s e n c e  o f  s u s p e n d e d  m a tte r . I t  is  an  o p t ic a l  p r o p e r ty  o f  a  
s a m p le ,  b e in g  an  e x p r e s s io n  o f  th e  a m o u n t  o f  l ig h t  th a t is  s c a t te r e d  and  a b so r b e d  ra th e r  th a n  
tr a n s m it te d  in  s tr a ig h t  l in e s  th r o u g h  a  s a m p le .
T u r b id ity  m e a s u r e m e n ts  w e r e  ta k e n  u s in g  a p o r ta b le  tu r b id im e te r  (2 1  OOP C a m la b  H A C H ,  
C a m b r id g e )  w h ic h  rea d  to  an  a c c u r a c y  o f  0 .0 1  N T U . A n a ly s i s  w a s  c a r r ie d  o u t  o n  s ite ,  
im m e d ia t e ly  a fte r  t h e  s a m p le s  h ad  b e e n  ta k e n . S a m p le  ja r s  w e r e  in v e r te d  p r io r  to  a n a ly s e s  to  
e n s u r e  s u s p e n s io n  o f  a ll  p a r tic le s . T h e  s a m p le  c e l l  w a s  r in se d  w ith  p a r tic le  f r e e  w a te r  b e t w e e n  
s u b s e q u e n t  s a m p le s  a n d  th e n  c le a n e d  w it h  s i l ic o n  o i l  t o  e v e n  o u t  a n y  s c r a tc h e s  o n  t h e  s u r fa c e  
o f  t h e  s a m p le  c e l l .  T u r b id ity  a n a ly s is  w a s  ca rr ied  o u t  a s  s ta n d a rd .
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Suspended Solids
S u s p e n d e d  s o l id s  is  a  g r a v im e tr ic  m e a s u r e m e n t  o f  th e  a m o u n t  o f  s u s p e n d e d  m a tte r  in  a  s a m p le .
T h e  a n a ly s is  w a s  ca rr ied  o u t  in  a c c o r d a n c e  to  th e  S ta n d a r d  M e t h o d s  p r o c e d u r e  ( 1 9 9 2 ) .  
W h a tm a n  G F /C  g r a d e  g la s s - f ib r e  f i lte r  d is c s  w e r e  p la c e d  in  m e ta l  p e tr i  d is h e s  a n d  d r ie d  f o r  a
m in im u m  o f  o n e  h o u r  a t 1 0 5  °C . T h e  p e tr i d is h  a n d  f i l t e r s  w e r e  t h e n  c o o le d  in  a  d e s ic c a t o r  f o r
th ir ty  m in u te s  a fte r  w h ic h  th e y  w e r e  w e ig h e d .  S a m p le s  o f  k n o w n  v o lu m e  w e r e  v a c u u m  
f i l t e r e d  th r o u g h  t h e  g la s s - f ib r e  f i lte r s , a ll  s u r fa c e s  th a t m a y  h a v e  c o m e  in to  c o n ta c t  w it h  th e  
s a m p le  b e in g  r in s e d  w ith  p a r t ic le  fr e e  w a te r , in  o r d e r  to  e n s u r e  th a t  a ll  p a r t ic le s  w e r e  e ith e r  
r e ta in e d  o n  th e  f i l t e r  s u r fa c e  o f  f i lte r e d  th r o u g h  th e  f i lte r . T h e  f i l t e r s  a n d  p e tr i  d is h e s  w e r e  
r e d r ie d  a t 1 0 5  ° C  f o r  o n e  h o u r  m in im u m , c o o le d  f o r  th ir ty  m in u te s  ( m in im u m )  a n d  r e w e ig h e d .  
T h e  a c tu a l s u s p e n d e d  s o l id s  w a s  c a lc u la te d  u s in g  t h e  fo r m u la  in  E q u a t io n  1.
S S ,0 5 oc =  [ (B  -  A )  /  C ]  X 1 0 ‘  m g /1
W h e r e ;  S S io jo c  =  s u s p e n d e d  s o l id s  (d r ied  a t 1 0 5  °C , m g /1 )
A  =  w e i g h t  o f  d ry  p e tr i d is h  +  f i l t e r  ( g )
B  =  w e ig h t  o f  d ry  p e tr i d ish  +  f i l t e r  +  s u s p e n d e d  s o l id s  ( g )
C  =  v o l u m e  o f  f i l t e r  s a m p le  (m l)
S u s p e n d e d  s o l id s  a n a ly s is  w a s  ca rr ied  o u t  w ith in  2 4  h o u r s  o f  t h e  s a m p le s  b e in g  ta k e n . A n y  
s a m p le s  n o t  b e in g  im m e d ia te ly  a n a ly s e d  w e r e  s to r e d  in  a  c o o l  b o x  w h i l s t  o n  s i t e  a n d  
r e fr ig e r a te d  o n  re tu rn  to  th e  la b o r a to r y  a t th e  e n d  o f  th e  e x p e r im e n t .
Particle Size Analysis
P a r t ic le  s i z e  d is tr ib u t io n  d a ta  w a s  a n a ly s e d  u s in g  a  C o u lte r  M u lt i s iz e r  II . S a m p le s  w e r e  
a n a ly s e d  u s in g  t w o  tu b e s  o f  a p e rtu re  d ia m e te r  3 0  p m  a n d  1 0 0  p m , a l lo w in g  p a r t ic le s  b e t w e e n  
0 .7 5  p m  a n d  6 0  p m  to  b e  m e a su r e d . T h e  a n a ly s is  t e c h n iq u e  w i l l  n o t  b e  c o v e r e d  h e r e , fu r th e r  
d e ta i ls  m a y  b e  o b ta in e d  fr o m  th e  C o u lte r  m a n u a l. F u r th er  d e ta i ls  o n  C o u lte r  d a ta  a n a ly s is  b y  
C o u lte r  s o f t w a r e  a re  g iv e n  in  S e c t io n  4 .
S a m p le s  w e r e  a n a ly s e d  th e  d a y  a fte r  b e in g  c o l le c t e d .  S a m p le s  w e r e  s to r e d  in  a  c o o l  b o x  w h i l s t  
o n  s it e ,  th e n  tr a n s fe r r e d  to  a  r e fr ig e ra to r  o n  re tu rn  to  th e  la b o r a to r y ,
3.6 Results
F o u r  d o s in g  e x p e r im e n ts  w e r e  ca rr ied  o u t  o n  th e  s e r ie s  o f  th r e e  u p - f lo w  g r a v e l  p r e f i l t e r s .  T h e  
a im  o f  th e  f ir s t  e x p e r im e n t  w a s  to  d e te r m in e  th e  m o s t  a p p r o p r ia te  m e t h o d o lo g y ,  k a o l in  w e ig h t s  
a n d  d o s in g  ra te . R u n s  2  a n d  3 d o s e d  ra w  w a te r s  w it h  a v e r a g e  r a w  w a te r  tu r b id it ie s  o f  9 4  N T U  
a n d  1 7 6  N T U  r e s p e c t iv e ly .  R u n  4  in v e s t ig a te d  t h e  p e r fo r m a n c e  o f  th e  p i lo t  p la n t  w it h  p e a k  
tu r b id ity  lo a d in g s .
3.6.1 Run 1
T h e  f ir s t  e x p e r im e n t  w a s  u s e d  to  d e te r m in e  th e  m o s t  a p p r o p r ia te  e x p e r im e n ta l  m e t h o d o lo g y .  
A  s o lu t io n  o f  1 8 8  g  k a o lin  a n d  4 0  1 w a te r  w a s  p re p a re d  a n d  d o s e d  a t d if f e r e n t  r a te s  in to  th e  
d o s in g  ‘T ’ in  o r d e r  to  d e te r m in e  th e  e f fe c t s  o n  th e  tu r b id ity  o f  th e  r a w  w a te r  lo a d in g  o n t o  P F l .  
T h is  s o lu t io n  w a s  d o s e d  a t a  ra te  o f  0 .0 9  1/m  f o r  3 4  m in u t e s ,  y ie ld in g  a  tu r b id ity  o f  
a p p r o x im a te ly  3 8  N T U  a fte r  d ilu t io n  b y  th e  r a w  w a te r  in  th e  in le t  p ip e  o f  t h e  f i r s t  p r e f i lte r .  
A f t e r  th is , th e  p u m p in g  ra te  w a s  in cr e a se d  t o  0 .1  1/m  fo r  a  fu r th e r  1 6  m in u t e s ,w h ic h ,  r e s u lt e d  in  
a n  in c r e a s e  in  t h e  tu rb id ity  o f  th e  w a te r  e n te r in g  P F l  t o  a p p r o x im a te ly  4 2  N T U .  A f t e r  4 8
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m in u te s  th e  r a te  w a s  fu r th e r  in c r e a s e d  to  0 .1 4  1 /m . T h is  p u m p  r a te  w a s  m a in ta in e d  fo r  2 3 2  
m in u te s  g iv in g  a  d o s in g  tu r b id ity  o f  a p p r o x im a te ly  6 7  N T U . T h e  p u m p in g  w a s  s to p p e d  a fte r  
2 8 0  m in u te s  d u e  t o  th e  l o w  l e v e l  o f  k a o l in  s o lu t io n  r e m a in in g  in  th e  d o s in g  ta n k . It w a s  
d e c id e d  th a t a ll  s u b s e q u e n t  e x p e r im e n ts  s h o u ld  b e  d o s e d  a t a  r a te  o f  0 . 1 1/m .
S a m p le s  w e r e  ta k e n  f o r  tu r b id ity  a n a ly s is  in te r m it te n t ly  u n til  th e  d o s in g  r a te  h a d  s ta b il is e d ,  
a fte r  1 1 5  m in u te s  th e  s a m p lin g  ra te  w a s  f i x e d  a t e v e r y  t w e n t y  m in u te s .  D o s in g  w a s  s to p p e d  
d u e  t o  l o w  l e v e l s  o f  k a o l in  s o lu t io n  r e m a in in g  in  t h e  d o s in g  ta n k . H o w e v e r ,  it  c o u ld  n o t  b e  
c e r ta in  w h e th e r  s t e a d y  s ta te  c o n d it io n s  w e r e  a tta in e d . T h e  tu r b id ity  r e s u lts  g iv e n  in  F ig u r e  1 
s h o w  th e  r e d u c t io n  in  tu r b id ity  th r o u g h o u t  t h e  m u lt is t a g e  p r e tr e a tm e n t  s y s te m . T h e  a v e r a g e  
tu r b id ity  lo a d in g s  o n  th e  p r e f ilte r s  a fte r  a  s ta b le  s ta te  w a s  a s s u m e d  to  h a v e  b e e n  a tta in e d  w e r e  
6 7  N T U ,  3 4  N T U  a n d  1 9  N T U  f o r  P F l ,  P F 2  a n d  P F 3  r e s p e c t iv e ly ,  w i t h  th e  e f f lu e n t  fr o m  P F 3  
g iv in g  a  m e a n  tu r b id ity  v a lu e  o f  7  N T U . H e n c e ,  P F l  a c h ie v e d  a n  a v e r a g e  p e r c e n ta g e  
r e d u c t io n  in  tu r b id ity  o f  4 9  % , w h i ls t  P F 2  a c h ie v e d  a  p e r c e n ta g e  r e d u c t io n  o f  a b o u t  4 4  %  a n d  
P F 3  o f  a b o u t  6 3  % .
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3 .6 .2  R u n  2
A  s o lu t io n  w a s  m a d e  o f  3 5 0  g  k a o lin  a n d  4 0  l i t r e s  w a te r  w h ic h  w a s  d o s e d  a t a  r a te  o f  0 .1  1/m , 
r e s u lt in g  in  a n  a v e r a g e  r a w  w a te r  tu r b id ity  o f  9 4  N T U .  S a m p le s  w e r e  ta k e n  a f te r  f i v e  m in u te s  
o f  d o s in g  a n d  t h e n  ta k e n  e v e r y  f i f t e e n  m in u te s  f o r  tu r b id ity  a n a ly s i s  a n d  e v e r y  th ir ty  m in u te s  
f o r  s u s p e n d e d  s o l id s .  D o s in g  w a s  s to p p e d  a f te r  3 0 5  m in u t e s  a fte r  w h ic h  s a m p lin g  w a s  
in c r e a s e d  to  e v e r y  7 .5  m in u te s  f o r  tu r b id ity  a n a ly s is  o n ly ,  s u s p e n d e d  s o l id s  s a m p l in g  b e in g  
c o n t in u e d  e v e r y  th ir ty  m in u te s .
P r o f i le s  f o r  tu r b id ity  a n d  s u s p e n d e d  s o l id s  r e m o v a l  a re  g i v e n  in  F ig u r e s  3 .6  an d  3 .7  
r e s p e c t iv e ly .  F r o m  F ig u r e  3 .6  it  c a n  b e  s e e n  th a t  t h e  tu r b id ity  o f  th e  p r e f i lte r  e f f lu e n t s  sta rted  
to  in c r e a s e  a f te r  a p p r o x im a te ly  15  m in u te s  f o r  P F l ,  6 0  m in u te s  f o r  P F 2  a n d  9 0  m in u te s  f o r  
P F 3 . A fte r  d o s in g  w a s  s to p p e d , a t 3 0 5  m in u te s , t h e  r a w  w a te r  tu r b id ity  r a p id ly  d r o p p e d . T h e  
P F l  a n d  P F 2  tu r b id it ie s  r e s p o n d e d  b y  d e c r e a s in g  a fte r  a p p r o x im a t e ly  3 2 0  m in u t e s  a n d  3 6 0
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m in u t e s  r e s p e c t iv e ly ,  it  w a s  b e l ie v e d  th a t th e  tu r b id ity  o f  t h e  e f f lu e n t  o f  P F 3  w a s  s ta r t in g  to  
d e c l in e  w h e n  s a m p l in g  s to p p e d  a t 4 2 0  m in u te s . T h e  a v e r a g e  tu r b id ity  a n d  s u s p e n d e d  s o l id s  
lo a d in g s  o n to  t h e  p r e f i l t e r s  w e r e  9 4  N T U  a n d  7 6  m g/1  f o r  P F l ,  4 7  N T U  a n d  4 2  m g /1  f o r  P F 2  
a n d  f in a l ly  1 9  N T U  a n d  1 9  m g/1  f o r  P F 3  w ith  th e  e f f lu e n t  f r o m  P F 3  g iv in g  a  m e a n  tu r b id ity  
v a lu e  o f  9  N T U  a n d  s u s p e n d e d  s o l id s  9  m g /1 . T h e s e  v a lu e s  w e r e  c a lc u la te d  o v e r  t im e  in te r v a ls  
o f  5  t o  3 0 0  m in u te s ,  7 5  to  3 1 5  m in u te s , 1 0 5  to  3 6 0  m in u te s  a n d  2 1 0  to  4 0 5  m in u te s  f o r  R A W ,  
P F l ,  P F 2  a n d  P F 3  s a m p le s  r e s p e c t iv e ly .
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A  r e la t io n s h ip  w a s  a p p a r e n t  b e tw e e n  th e  tu r b id ity  a n d  s u s p e n d e d  s o l id s  r e s u lt s ,  F ig u r e  3 .8 .  
D u e  t o  th e  r e d u c e d  f r e q u e n c y  o f  s a m p lin g  f o r  s u s p e n d e d  s o l id s ,  t h e  t im e s  o f  s u s p e n d e d  s o l id s  
p e n e tr a t io n  a n d  d r o p - o f f  a re  n o t  s o  c le a r ly  d e f in e d  a s in  th e  tu r b id ity  r e s p o n s e  d a ta . A  t im e  la g  
o f  6 0  m in u te s  w a s  a s s u m e d  b e tw e e n  e a c h  p r e f i lte r  a n d  s u b s e q u e n t ly ,  1 8 0  m in u te s  b e t w e e n  t h e  
r a w  w a te r  s a m p le  a n d  t h e  e f f lu e n t  o f  P F 3 . T h e  a v e r a g e  p e r c e n ta g e  r e d u c t io n s  w e r e  4 9  % , 5 2  
% , 5 6  %  a n d  91  %  f o r  tu r b id it ie s  a c r o s s  P F l ,  P F 2 , P F 3  a n d  t h e  th r e e  p r e f ilte r s  r e s p e c t iv e ly ,
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w h i l s t  t h e  c o r r e s p o n d in g  p e r c e n ta g e  r e d u c t io n s  in  s u s p e n d e d  s o l id s  w e r e  4 7  % , 4 8  % , 5 5  %  
a n d  9 2  % , T h e  a v e r a g e  tu r b id ity  r e d u c t io n  v a lu e s  w e r e  c a lc u la t e d  o v e r  t im e  in te r v a ls  o f  15  to  
2 4 0  m in u te s ,  6 0  to  2 8 5  m in u te s , 9 0  to  3 1 5  m in u te s  a n d  1 5  t o  2 4 0  m in u te s  f o r  R A W , P F l ,  P F 2  
a n d  P F 3  s a m p le s  r e s p e c t iv e ly ,  w ith  c o r r e s p o n d in g  s u s p e n d e d  s o l id s  v a lu e s  a v e r a g e d  o v e r  t im e  
in te r v a ls  o f  4 5  to  2 5 5  m in u te s , 1 0 5  to  3 1 5  m in u te s , 7 5  to  2 8 5  m in u t e s  a n d  15  t o  2 8 5  m in u te s .
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3 .6 . 3  R u n  3
It w a s  d e c id e d  to  fu r th e r  c h a lle n g e  t h e  p r e f i lte r  s y s t e m , h e n c e  a  s o lu t io n  w a s  m a d e  o f  6 0 0  g  
k a o lin  a n d  4 0  litr e s  w a te r . T h e  d o s in g  ra te  w a s  s e t  a t 0 .1  I /m , y ie ld i n g  a  r a w  w a t e r  s u p p ly  o f  
a v e r a g e  tu r b id ity  1 7 6  N T U . S a m p le s  w e r e  ta k e n  f o r  tu r b id ity  a n d  p a r t ic le  s i z e  a n a ly s is .  
T u r b id ity  s a m p le s  w e r e  a n a ly s e d  im m e d ia te ly  w h i l s t  p a r t ic le  s i z e  a n a ly s is  w a s  c a r r ie d  o u t  th e  
f o l l o w in g  e v e n in g .
18
T h e  a v e r a g e  tu r b id ity  v a lu e s  o f  t h e  p r e f i lte r  e f f lu e n t s  w e r e  8 8  N T U , 4 4  N T U  a n d  1 7  N T U  fo r  
P F l ,  P F 2  a n d  P F 3  r e s p e c t iv e ly .  T h e s e  v a lu e s  w e r e  c a lc u la te d  o v e r  t im e  in te r v a ls  o f  5 to  2 8 5  
m in u te s ,  8 5  t o  3 2 5  m in u te s , 1 4 5  t o  3 5 5  m in u te s  a n d  2 0 5  to  4 1 5  m in u te s  fo r  R A W , P F l ,  P F 2  
a n d  P F 3  s a m p le s  r e s p e c t iv e ly .  F ig u r e  3 .1 1  g iv e s  th e  p e r c e n ta g e  r e d u c t io n  p r o f i le  fo r  tu r b id ity  
r e m o v a l  t h r o u g h o u t  th e  p r e tr e a tm e n t s y s te m . T h e  a v e r a g e  r e d u c t io n  in  T u r b id ity  a c r o s s  th e  
p r e f ilte r s  w a s  5 0  % , 5 0  % , 6 1  %  a n d  9 2  %  f o r  P F l ,  P F 2 , P F 3  a n d  a c r o s s  a ll  th r e e  p r e f ilte r s  
r e s p e c t iv e ly .  A g a in  a  t im e  la g  o f  6 0  m in u te s  w a s  c o n s id e r e d  b e t w e e n  e a c h  p r e filte r .
A s  f o r  R u n  2 ,  t h e  tu r b id ity  o f  th e  p r e f i l t e r  e f f lu e n t s  sta r ted  t o  in c r e a s e  a fte r  a p p r o x im a te ly  15  
m in u te s  f o r  P F l ,  6 0  m in u te s  f o r  P F 2  a n d  9 0  m in u te s  f o r  P F 3 . R a w  w a te r  tu r b id ity  r a p id ly  
d r o p p e d  w h e n  d o s in g  w a s  s to p p e d  a fte r  3 0 5  m in u te s . T h e  P F l  a n d  P F 2  tu r b id it ie s  r e s p o n d e d  
b y  d e c r e a s in g  a f te r  a p p r o x im a te ly  3 2 5  m in u te s  a n d  3 3 5  m in u te s  r e s p e c t iv e ly .  P F 3  w a s  th o u g h t  
to  d e c l in e  w h e n  s a m p l in g  s to p p e d  a t 4 2 0  m in u te s . T h e s e  r e s p o n s e  t im e s  w e r e  v e r y  s im ila r  to  
t h o s e  in  R u n  2 ,  a lth o u g h  th e  r e c o v e r y  o f  P F 2  a fte r  d o s in g  h a d  b e e n  s to p p e d  w a s  q u ic k e r  th a n  
in  t h e  p r e v io u s  e x p e r im e n t .  _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _  ____  ____  ____
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Figure 3.11: Run 3 Percentage Reduction Turbidity
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3.6.4 Run 4
A  f in a l  e x p e r im e n t  w a s  ca r r ied  o u t  in  o rd er  t o  a s s e s s  th e  p e r fo r m a n c e  o f  th e  p r e f i l t e r s  in  th e  
r e m o v a l  o f  tu r b id ity  p e a k s . A  s o lu t io n  w a s  m a d e  u p  o f  3 5 0  g  k a o l in  a n d  4 0  l i t r e s  w a te r . T h is  
w a s  d o s e d  in it ia l ly  a t a  ra te  o f  0 .1  1/m fo r  6 8  m in u te s  a l lo w in g  P F l  t o  s t a b i l i s e  w i t h  a n  a v e r a g e  
tu r b id ity  lo a d in g  o f  a p p r o x im a te ly  7 8  N T U . A f t e r  6 8  m in u te s  t h e  p u m p in g  r a te  w a s  in c r e a s e d  
to  0 .1 4  1/m  f o r  a  p e r io d  o f  tw e n ty  m in u te s  to  g i v e  a  tu r b id ity  lo a d in g  o f  a p p r o x im a t e ly  1 2 8  
N T U . A f t e r  a  to ta l  e la p s e d  t im e  o f  8 8  m in u te s  th e  d o s in g  r a te  w a s  a g a in  s e t  a t  0 .1  1/m  a n d  
a l lo w e d  to  s t a b i l i s e  a t a p p r o x im a te ly  7 6  N T U  f o r  fo r ty  m in u te s  b e f o r e  b e in g  r e d u c e d  t o  0 .7  
1/m . T h is  d o s in g  ra te  w a s  m a in ta in e d  a g a in  f o r  t w e n t y  m in u te s  g iv i n g  a  l o a d in g  o f  
a p p r o x im a te ly  2 7  N T U  b e f o r e  b e in g  in c r e a s e d  a g a in  to  a  lo a d in g  r a te  o f  0 .1 4  1 /m , 
a p p r o x im a te ly  1 2 4  N T U . A f t e r  a  fu r th er  t w e n t y  m in u te s  a n d  a  to ta l e la p s e d  t i m e  o f  1 4 8  
m in u te s  t h e  r a te  w a s  f in a l ly  r e d u c e d  to  0 . 1  1/m  a n d  an  a v e r a g e  lo a d in g  r a te  o f  a p p r o x im a t e ly  
7 3  N T U .
T h e  a v e r a g e  tu r b id ity  o f  p r e f ilte r  e f f lu e n t  f o r  P F s  1, 2  a n d  3  w a s  a p p r o x im a te ly  5 4  N T U ,  2 7  
N T U  a n d  9  N T U  r e s p e c t iv e ly  c a lc u la te d  o v e r  1 2 0  m in u te s  t o  3 0 0  m in u te s  s a m p l in g  p e r io d .  
P F 2  r e a c h e d  a  p e a k  in  tu r b id ity  o f  a p p r o x im a te ly  3 3  N T U  a fte r  a  to ta l d o s in g  t i m e  o f  2 4 0  
m in u te s . A t  3 0 0  m in u te s , P F 2  e f f lu e n t  tu r b id ity  w a s  d e c l in in g  o b ta in in g  a  v a l u e  o f  a b o u t  2 8  
N T U , w h e n  d o s in g  w a s  s to p p e d . P F 3  tu r b id ity  c o n t in u e d  t o  in c r e a s e  u p  t o  t h e  e n d  o f  
s a m p lin g , t h e  f in a l  tu r b id ity  r e a d in g  at 3 0 0  m in u te s  b e in g  1 2  N T U .
T h e  p e r c e n ta g e  r e d u c t io n s  in  tu r b id ity  c a lc u la te d  fr o m  th e  a v e r a g e  tu r b id ity  e f f lu e n t  v a lu e s  a n d  
a s s u m in g  a  r a w  w a te r  lo a d in g  o f  7 8  N T U  w e r e  3 1 % , 5 0  %  a n d  6 7  %  fo r  P F l ,  P F 2  a n d  P F 3  
r e s p e c t iv e ly .
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3.6.5 Summary of Turbidity and Suspended Solids Results
Raw Water ^PFl "Effluent ; PF2Effluent PF3 Effluent
Run 1 ' Av. Tuibidity , - 67 NTU 34 NTU 19 NTU 7NTU
ÿitim lif Av. Turbiditj' * 94 NTU 47 NTU 19 NTU 9NTU
’ïsSÿhtsi® ÂV. Suspended solids 76 mg/1 42 mg/1 19 mg/1 9 mg/1
Av. Turbidity 176 NTU 88 NTU 44 NTU 17 NTU
Run 4 s Ay. Turbidity 78 NTU 54 NTU 27 NTU 9NTU
Run 1 Av. % Reduction in , 
Turbidity '
49% 44% 63%
Run 2 Av. % Reduction in " 
Turbidity
49% 52 56%
Av. % Reduction in   ^
- Suspended Solids .
47% 48% 55%
Run 3 ' Av. % Reduction in 
Turbidity
50% 50% 61%
Run 4 Avl% Reduction in . , 
Turbidity
31% 50% 67%
T a b le  3 .1  S u m m a r y  o f  T u r b id ity  a n d  S u s p e n d e d  S o l id s  R e s u lt s
3.6.6 Particle Size Distribution 
Run 2
F ig u r e s  3 .1 3  to  3 T 3  g iv e  th e  p a r t ic le  s i z e  d is tr ib u t io n  d a ta  f o r  R u n  2 . T h e  a v e r a g e  to ta l  
n u m b e r s  o f  p a r t ic le s  b e t w e e n  0 .7 5  p m  a n d  1 p m  w e r e  5 .5  x  10^ c o u n t s /m l ,  3 .8  x  10^ 
c o u n ts /m l,  3 .2  x  10^ c o u n ts /m l  a n d  2 .8  x  10^ c o u n t s /m l ,  f o r  th e  r a w  w a te r , P F l  e f f lu e n t ,  P F 2  
e f f lu e n t  a n d  P F 3  e f f lu e n t  r e s p e c t iv e ly .
I f
o
| ia.
Particle Size Distribution 
Raw Water Sam ple - Run 2
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F ig u r e  3 .1 3 :  R u n  2  P a r t ic le  S i z e  D is tr ib u t io n  -  R a w  W a te r
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Particle Size Distribution 
PFl Effluent - Run 2
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Particle Size Distribution 
PF3 Effluent - Run 2
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fo r m u la ;
%  p a r t ic le  in c r e a s e  =  (C o u n ts  a t t i -  C o u n t s  a t tn)
C o u n ts  a t  to
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Figure 3.17; Run 2 Relative Percentage Particle Number Increase - PFl Effluent
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Relative Percentage Particle Number Increase 
PF2 Effluent - Run 2
800^
700.
600.
500-
400.
300.
200 -
100.
i r
K  r
-100
o
5
in PF2 0-45 mins 
PF2 45-105 mins 
P F 2 105-225 mins
P
s
in
I
in
P
S
in
CO
P a rtic le  D iam eter R an g e  (pm) in
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Relative Percentage Particle Number Increase 
PF3 Effluent - Run 2
0)
CO 1_
Ilf  
i l l
□  FF3 0-45 m n s
□  FF3 45-105 m n s
P a r t ic le  D ia m e te r  R a n g e  (p m ) □  FF3 105-225 rrins
F ig u r e  3 .1 9 :  R u n  2  R e la t iv e  P e r c e n ta g e  P a r t ic le  N u m b e r  I n c r e a s e  -  P F 3  E f f lu e n t
T h e  p e r c e n ta g e  r e d u c t io n  is  n o t  g iv e n  f o r  R u n  2  d u e  to  t h e  r e s tr ic t io n  in  d a ta  a v a ila b le ,  n o t  
a l lo w in g  d a ta  t o  b e  a n a ly s e d  w i t h  th e  a s s u m e d  t im e  la g  o f  s ix t y  m in u te s .
Run 3
T h e  c h a n g e  in  p r o f i l e  o f  t h e  p a r t ic le  d is tr ib u t io n  w i t h  r e s p e c t  t o  t im e  fo r  R u n  3  is  g iv e n  in  
F ig u r e s  3 .2 0  to  3 .2 3 .  A s  c o u ld  b e  e x p e c te d , th e  m a jo r ity  o f  m e a s u r e d  p a r tic le s  a r e  l e s s  th a n  1 
p m  in  d ia m e te r . T h e  r e d u c t io n  in  p a r tic le  c o n c e n tr a t io n , a t a  p a r t ic le  s iz e  r a n g e  0 .7 5  p m  a n d  
1 p m , b e t w e e n  t h e  r a w  w a te r  a n d  th e  e f f lu e n t  o f  P F 3  w a s  a p p r o x im a te ly  8 8  % , w i t h  p a r tic le  
c o u n ts  o f  1 .2  X 10^ c o u n ts /m l  f o r  th e  r a w  w a t e r  b e in g  r e d u c e d  t o  a p p r o x im a te ly  0 .1 4  x  10^ 
c o u n ts /m l f o r  P F 3  e f f lu e n t .
24
Kaolin Dosing Test - Particle Size Data
Raw Water Sample - Run 3
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Kaolin Dosing Test - Particle Size Data 
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Kaolin Dosing Test - Particle Size Data
PF2 Sample - Run 3
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Kaolin Dosing Test - Particle Size Data 
PF3 Sample - Run 3
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F ig u r e  3 .2 4  g iv e s  th e  p e r c e n ta g e  r e d u c t io n  a fte r  1 2 5  m in u te s  o f  d o s in g .  A  t im e  la g  o f  6 0  
m in u te s  w a s  a s s u m e d  a c r o s s  th e  p r e f i lte r s . A l t h o u g h  P F s  2  a n d  3  h a d  s t i l l  n o t  o b ta in e d  
s ta b il iz a t io n , th e r e  w a s  s ig n if ic a n t  p a r t ic le  r e d u c t io n  o c c u r r in g  o f  a p p r o x im a te ly  4 2  % , 5 4  %  
a n d  6 8  %  a c r o s s  P F l ,  P F 2  a n d  P F 3  r e s p e c t iv e ly .
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Percentage Particle Reduction
(after 125 minutes)
Run 3
J
125- 175- 2 » - Z75- 3.25- 3 .^  4.25- 4 .^  5.25- 5 .^  6.25- 6 .^  7.25- 7.7S- 8.25-
15 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5
Particle Diameter Range (pm) iPF1
iPF2 nPFS
Figure 3.24: Run 3 Percentage Particle Reduction
Figures 3.25 and 3.26 give the percentage particle increase at twenty minute time intervals for 
the different prefilters. The x-axis represents stabilization, negative values show particle 
removal whilst positive values show particle increase.
Relative Percentage Particle Increase 
(from 105 minutes to 125 minutes) 
Run 3120 _
100 J -
5.25-5.5 6.CMI2515-175 2.25-2.5 .0-3250.75-10
-40 -
Particle Diameter Range (pm) |PF1 gPF2 QPF3
Figure 3.25: Run 3 Relative Percentage Particle Increase 
(from 105 minutes to 125 minutes)
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Relative Percentage Particle Increase 
(at twenty minute intervals) 
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Figure 3.26: Run 3 Relative Percentage Particle Increase 
(at twenty minute intervals)
Figure 3.25 shows that particle increase is still occurring in PFl for particle diameters 
up to 3 pm. PF2 seems to have reached stabilization for particles sizes greater than 2 
pm although particle increase is still demonstrated below this particle size. PF3 
shows interesting results in that particle increase in the size range 0.75 pm to 1 pm is 
much less than that at larger particle sizes. This factor is demonstrated in Figure 
3.24. The change in particle number for PFl shows maximum particle increases in 
the size range 2.5 to 2.75 pm. As the time increases particle stabilization is seen to 
occur, particle removal is seen between 85 and 105 minutes although between 
sampling times 105 to 125 minutes particle increase again occurred.
The relative increase in particle number for the three prefilters is given in Figures 
3.27 to 3.29.
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Figure 3.27: Run 3 Relative Percentage Particle Increase - PFl
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Relative Percentage Particle Increase 
PF2 - Runs
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Figure 3.28: Run 3 Relative Percentage Particle Increase - PF2
Relative Percentage Particle Increase 
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140
-40 ±~.
0-25 mins 
25-45 mins. 45- 65 mins• 65-85 mins
V 85-105 mins
Ii 105-125 mins100 - -
1.25-1.50 1.75-2.00 5J)0^6,00
Particle Diameter Range (pm)
Figure 3.29: Run 3 Relative Percentage Particle Increase - PF3
These Figures show the increase in particle number as the kaolin penetrates the treatment 
system. It is interesting to note in Figure 3.27, the different profiles for the change in particle 
number increase for particles greater than and less than 2.25 pm diameter.
3.7 Discussion
When discussing ripe gravel filters it is important to consider the flow path that suspended 
matter will follow. Due to build up of trapped matter and the formation of a zoogloeal slime 
on the surface of the filter media, the void spaces between the media will be reduced. As the 
void spaces decrease, and if the flow rate is kept constant, the velocity through the bed will 
increase. Hence, the detention time in the bed will the-bed will be reduced and may adversly 
affect the physical removal performance of the filter. In contrast to this however, is the 
increased activity of biological and microbiological organisms which may assist particulate 
removal.
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3.7.1 Turbidity and Suspended Solids
The reported results show the benefits of a multistage treatment system and the high 
performance that can be obtained from up-flow gravel prefilters for the protection of secondary 
treatment stages. Runs 2 and 3 demonstrated well the percentage reduction that can be 
obtained giving total percentage turbidity reduction across the three prefilters of 91 % and 99% 
respectively. The ability of the system to attenuate ‘shock’ loadings was well demonstrated in 
Run 4. This is immensely important for a treatment system incorporating slow sand filters due 
to their poor performance under high peak loadings. Rivers in many less developed countries 
are prone to sudden flashes in turbidity and suspended solids loadings due to more marked 
rainfalls experienced. The cheap and reliable multistage biological filtration system is hence 
extremely appropriate for such situations. It is also important to note that both Runs 2 and 4 
gave an effluent from PF3 of less than 10 NTU, so fulfilling the WHO slow sand filter loading 
guidelines. Run 3 however did not achieve this standard.
A strong relationship has been demonstrated between turbidity and suspended solids. However, 
the author does not believe that a reliable correlation exists between the two measurements due 
to the effects of water characteristics on the relationship and the continual variation of these 
characteristics. However, at higher concentrations of suspended matter the similarity between 
values increases. A compromise may exist, however, if highly concentrated samples require 
dilution. This should not be of too great a concern if a controlled sampling and analysing 
procedure is followed.
The performance of the prefilters during the peak dosing experiment. Run 4, relates well with 
Runs 1 and 2 when the average raw turbidity loadings onto PFl were approximately 67 NTU 
and 94 NTU respectively. The average raw loading during Run 4, not considering the peak 
turbidities, was 78 NTU with the effluent from PF3 having a turbidity of approximately 9 NTU, 
which was equal to the effluent turbidity obtained during Run 2 and slightly higher than that 
obtained during Run 1. The performance of the individual filter shows a reduction in the filter 
efficiency across PFs 1 and 2. However, due to the three stage, multistage system, the final 
effluent was able to attain the same overall performance as in the previous experiments.
3.7.2 Particle Size Distribution
The data obtained from the Coulter counter was distributed into 256 channels. As the particle 
diameter increases the width of the channel also increases, although the number of particles 
within each channel decreases. Hence the resulting data for particle size ranges greater than say 
4 pm is less statistically correct than counts for small diameter particles. Hence it is not 
surprising to see a much less smooth profile for particle data in the larger particle size ranges.
Figure 3.24 indicates that PFs 2 and 3 were proving to be more efficient in terms of percentage 
particle reduction than PFl. This may have been partly due to PFl becoming saturated before 
the other prefilters, giving them a certain amount of protection but more significantly due to the 
erratic loading onto PFl. The results could imply that filter efficiency is reduced when 
fluctuations of loading occur. The multistage system is ideal in such situations, in respect of its 
ability to attenuate irregular loading. Hence the multistage filtration system not only reduces the 
loading onto the subsequent stages of treatment but may also improve their performance by 
optimizing stable conditions.
Figure 3.24 also showed that the percentage reduction for PFl was less uniform than for the 
other prefilters, the efficiency being a minimal at a particle range of 2 to 2.25 pm. Figures 3.27
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to 3.29 distinguished between the removal performance of particles of diameters less than and 
greater than 2 pm to 2.25 pm. This confirms present filtration theory which states that the 
minimal removal efficiency should be expected at a particle diameter of between approximately 
0.8pm to 4 pm (Yao e t  a l . ,  1971). Current theory is based purely on physical removal 
mechanisms. However, it is speculated the biological activity present within the filter beds is 
responsible for the removal of a proportion the smaller particles. The upper limit of biological 
removal and the lower limit of physical removal are believed to combine to give a minimal 
overall removal efficiency at approximately 2 pm. The significance of the biological particulate 
removal has as yet not been defined and requires much more research.
3.7.3 Biological Aspects
Some filter media, such as the flint currently being utilized at the Shalford pilot plant are very 
smooth and hence will not lend themselves to rapid colonisation by biological particles. 
Freshwater, such as river water contains a high concentration of humic compounds. When a 
gravel prefilter is commissioned, these organic particles present in the river water will bind to 
the surface of clean filter media. After a few hours, the organic material will attract minerals 
such as particles of clay and within two days, a gradual colonisation will take place -  bacteria 
will be able to attach themselves to the media, other biota such as protozoa and algae may also 
become attached.
Nutrients present in the water will feed the biofilm, and so the biofilm will develop and thicken. 
As the bacteria grow, some organisms such as Streptomycetes will form filaments that are able 
to branch out into the pore spaces between the filter media. These filaments greatly increase the 
surface area of the media and it is postulated that they contribute to the straining properties of 
the filter. They may be able to capture fine particles including bacteria and thus encourage 
flocculation and subsequent sedimentation of these items. Immobilization of bacteria in this way 
also facilitates decomposition of bacteria and organic matter by heterotrophic bacteria. These 
immobilised particles may also be grazed upon by protozoa such as Aspidisca sp., and also by 
macroinvertebrates such as copepods, daphnia and nematode worms. The faecal matter 
excreted by these organisms will be much denser than the ingested matter, and hence the matter 
will be able to sediment.
Some bacteria will secrete mucoid slimes onto their surfaces, which will facilitate entrapment of 
larger particles that may not be captured by the bacterial filaments alone. Once particles are 
immobilised, the same processes as listed above will be possible.
The grazing processes also have the advantage of maintaining the stability of the filter and not 
permitting the filter to become so heavily overgrown with biofilm to the extent that the filter 
blocks. Hydraulic cleaning of gravel prefilters is necessary, but that is mainly to remove 
sedimented particles from the filter, rather than removing the biofilm. Some research into 
optimum filter cleaning efficiency has been performed- it is necessary to balance the physical 
processes with the biological processes in order to derive this.
3.8 Proposed Future Work at Shalford Pilot Plant
i Comparison of clean and ripe prefilter units. The aim would be to extend the 
understanding of the effects of biologically ripe gravel prefilters. The potential to model 
the prefilter beds and compare the differences between treatment performance may lead to 
an understanding of the factors that improve the removal efficiency of biologically active 
beds. This may allow for the extension of present filtration theoiy to include biological 
processes.
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ii It would be useful to repeat a kaolin dosing experiment in order to obtain increased 
suspended solids and particle size distribution data for the three prefilters after 
stabilization had occurred. This would allow confirmation of the results already obtained 
and further information on particle removal for a series of prefilters at stable state. It is 
recommended that a steady raw water loading rate be applied to allow the monitoring of 
PFl performance under steady state conditions.
iii Comparison of the performance of the different prefilters to determine the most efficient 
media size and number of prefilter units could be carried out. Different arrangements of 
prefilters would allow the comparison of the effects of different media gradings on the 
treatment efficiency.
iv Increased turbidity loading onto the prefilters could be carried out in order to assess the 
maximum loading that the prefilters could efficiently operate under and to generate a 
performance curve for the gravel prefilters.
3.9 Conclusions
The ability of the gravel prefilter to progressively attenuate and reduce loadings is of great 
significance for the protection of secondary treatment systems such as slow sand filters. The 
multistage treatment system has proved its ability not only to reduce the loadings onto 
subsequent treatment stages but also to attenuate the loadings to give more stable conditions. 
These characteristics will allow for improved plant performance and a more stable and reliable 
treatment system. The biological mulitstage treatment system gives significant reduction in 
biological contaminants as well as in physical contaminants.
What is maybe the most interesting result from the research being presented in this report is the 
proposition that the combination of biological and physical processes yields a minimal removal 
performance at a particle size between 2 pm and 2.25 pm. This confirms present filtration 
theory, which gives the minimal removal efficiency of particles at particles sizes of 
approximately 0.8 pm to 4 pm. However, existing filtration theory is based on physical removal 
mechanisms only. It is important to determine the combined effects of different removal 
processes, i.e. biological, physical and chemical, in order that a greater understanding of 
filtration processes can be obtained. This may lead to a modification in the filtration model as 
described by Yao et al, 1971, and an assessment of the relative significance of the different 
filtration mechanisms for particulate removal.
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4. Coulter Experiments
Experiments were carried out to determine the reliability and accuracy of results acquired during 
analysis of water samples by the Coulter Multisizer II counter, after being processed and 
interpreted by Coulter software. These experiments assessed the accuracy of sizing particles 
and the reliability of their interpretation by the supplied software, with special reference being 
made to the multi-tube overlap option. Further experiments were carried out to determine the 
effects of sample dilution and sample line contamination on the accuracy of results. A final 
experiment assessed the influence of particle conductivity on the sizing of counted particles. 
Details of these experiments and the conclusions drawn are given below.
4.1 Latex Experiment
Experiments were carried out to determine the accuracy of the Coulter Counter in terms of its 
ability to accurately size particles. A solution was made of 100 ml Isoton II (as supplied by 
Coulter Electronics Ltd.) and 100 ml particle free water. To this solution were added four to 
five drops each of calibration standard polystyrene latex of number mode 1.41 pm, 3.1 pm, 9.7 
pm and 20.4 pm (also supplied by Coulter Electronics Ltd., Lot numbers: A. 14, Z12, D.42 and 
F.32, respectively).
The results of this experiment are given in Figures 4.1 and 4.2, for the 30 pm aperture tube and 
100 pm apeture tube respectively. As can be seen, the modes of each latex sample are at 
approximately 1.4 pm, 3.2 pm, 10.1 pm and 21.6 pm. These results show that the modes of 
each latex size have been displaced to the right, yielding results of particles larger than actual. 
This could be partly caused by particle drift, although routine monthly calibrations were carried 
out and should minimise these errors.
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Figure 4.1 Latex Experiment - 30pm Apeture Tube
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Figure 4.2 Latex Experiment - 100pm Apeture Tube
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These results stress the importance of carrying out regular calibrations of the Multisizer II, in 
order to ensure reliable results. If accurate sizing is required it is advised that a typical sample 
is measured using microscopy, and the size of particles measured compared with the results 
gained from the Coulter counter, to allow validation or calibration of the Coulter data.
4.2 Rinse
During analysis particles in suspension are forced through the sample lines of the Coulter 
counter. Contamination of these sample lines is likely to occur after each sample run, which 
may effect the results of future analyses, giving higher counts than are actually present. In 
order to determine the effects of sample line contamination, a water sample was analysed and 
the system then rinsed with a solution of 50:50 particle free water to Isoton II diluent. The 
particle counts recorded after each rinse are given in Figure 4.3. As can be seen, a significant 
number of particles are recorded in the first rinse, being approximately 18490 particle/ml at a 
particle diameter of 0.756 pm. The number of particles measured at this particle diameter, 
was reduced to approximately 6681 particles/ml after the fifth rinse. However, for valid 
comparison of sample and rinse water data it is important to consider the concentration of the 
original sample tested. The total number of particles measured at a particle diameter of 0.756 
pm was of the order of 440 300 particles/ml. When these results are plotted against the rinse 
counts the effect of line contamination becomes much less significant, contamination of 
sample lines and background count being responsible for only 4% of the overall sample 
particle count at 0.756 pm after the first rinse and for approximately 1.5 % after the fifth rinse.
Rinse T est
o lo’io'
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Figure 4.3 Rinse Experiment
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The line contamination occurring after sample analysis must be taken into consideration for 
reliable interpretation of Coulter data. Methods for minimising the contamination of samples 
can be employed by employing multiple rinses of the sample lines after each analysis and/or 
flushing the sample lines several times with the sample to be analysed. The number of 
rinses/flushes required will depend on the particle concentration of the last sample analysed and 
the new sample awaiting analysis. For good procedure practice, samples should always be 
analysed in order of samples of lowest concentration first.
4.3 Conductivity Experiment
An experiment was carried out to determine the accuracy of the Multisizer II in measuring the 
size of particles of different conductivities within a sample. This was determined by manually 
setting the current and gain ratio. The Coulter methodology defines that the product of the 
current and gain must always be maintained at 3200. By increasing the gain (and hence 
decreasing the current) the sensitivity of the Coulter to measure small particles increases. The 
affects of different particle conductivities on their size and number measurement by the Coulter 
principle can be assessed. If differences in particle size measurements occur, due to changes in 
particle conductivities, the sample profile will be moved along the x-axis (i.e. the size recorded 
for a given particle will vary depending on the current to gain ratio).
Figures 4.4 and 4.5 show the results of the experiment. The number of particles measured for a 
gain of 16 and a current of 200 pA at particle diameters less than 1pm is very high, being 
approximately 260 000 particles/ml at a diameter of 0.754 pm. Results for a current of 32 and 
gain of 100 pA was not attainable due to the effects of correction overflow. The results 
recorded for a gain of 16 to a current 200 pA gave a very high proportion of smaller particles. 
The reasons for this are still uncertain, the increase in sensitivity due to the higher gain setting 
could mean that previously undetected particles are being counted. However, at a gain setting 
of 8 the counts at a particle diameter of less than 1 pm was less than that at a gain setting of 2 
and counts recorded at a gain setting of 4 were the lowest. This seems to disprove the 
hypothesis that the higher the gain setting the larger the expected particle count at small particle 
diameters.
Although the reasoning for the above results has still not been defined, the importance of 
selecting the appropriate current and gain setting is evident. For this experiment, the ratio 
chosen by the automatic function in the Coulter software set the current and gain at 800 pA and 
4 respectively. As can be seen in Figures 4.4 and 4.5 the data collected from this setting was 
close to the data obtained for a current and gain ratio of 400 pA and 8. The fact that the results 
gained by different settings did vary shows that the conductivity of the particles is important and 
does affect their measurement by the Coulter counter. It is important that samples should be 
analysed by some other means, say light or electric microscopy, in order to justify the results 
gained from the Coulter.
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4.4 Overlap
Many inaccuracies occur during the overlapping of results collected from two different sized 
Coulter tubes. The option of the Coulter software to automatically overlap these results 
leads to great potential differences due to operator procedure. During the OVERLAP 
procedure, the counts at the two cursor points are linearly interpolated so that the left hand 
cursor point represents 100 % of the smaller aperture count while the right hand cursor 
represents 100 % of the larger aperture count. Parametric interpolation is carried out between 
the two count numbers, to allow the data from the two slopes to be combined to give an overall 
sample distribution. The percentage inaccuracies cannot be estimated due to the number of 
variables that must be taken into account. The only assumption made is that the narrowest 
overlap region between the cursors should be used that attains the optimum slope ratio (as 
close to one as possible) and minimum offset. Some of the possible reasons for errors or 
inaccuracies are stated below.
i The range over which the overlap calibration is carried out is determined by the operator. 
A range is selected in the region of tube overlap which results in a SLOPE RATIO 
approximating to one, an OFFSET value approaching zero and a difference-in the Lower 
and Upper Cursor values also approaching zero. This overlap region can then be 
enlarged to ensure that a smooth profile has been achieved, and accepted or rejected as 
appropriate. However, the theory applied for overlapping data collected from different 
tubes is not perfect. It is the operators decision as to where the optimum cursor points 
are. The choice of cursor position greatly affects the results obtained. Variation in 
results between different operators can be large (see Figure 4.6).
ii During the overlap process, an offset of the profiles collected from different tubes is 
noticed. This offset can be caused by dilution effects between the sample analysed for 
different tubes. However, experiments carried out on the same sample avoiding dilution 
still yielded offset data. The reasons for this offset are still unknown but could be 
attributed to inaccuracies of tubes to reliably measure particles at the limits of their 
ranges. Hence, particles of approximate diameter 2 pm may be accurately measured by 
the 30 pm aperture tube but not by the ICO pm aperture tube. Changes in the particle 
size recorded as well as particle count could adversely affect the particle size distribution 
recorded (see Figures 4.6 and 4.7).
iii From OVERLAP experiments carried out, it was observed that the results gained 
choosing a SLOPE RATIO closest to one and an OFFSET value closest to zero, yielded 
results with a larger proportion of smaller particles and lower proportion of larger 
particles than results determined using less accurately chosen overlap calibration ranges. 
In general, SLOPE RATIOs less than one will over-emphasize the distribution due to 
larger particles. Inversely, SLOPE RATIOs greater than one will over-emphasize 
distributions due to smaller particles. The importance of the overlap calibration range 
chosen is stressed in order for an accurate and representative profile of results to be 
obtained. Greatest priority is given to attaining a SLOPE RATIO approximating to one, 
whilst minimising the offset. If the calibration range is not representative, the data 
profile will not give reliable results.
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iv The profile of a sample obtained from overlapping data collected from two tubes was over 
laid on a graph showing the individual data collected from the two tubes. The data 
obtained from the two tubes was seen to overlap well when overlaid on the same graph. 
However, when the calibrated, overlapped data was overlaid on top of the individual tube 
data great discrepancy in the scale was observed. Whereas the total volume of particles at
0.8 pm for the 30 pm tube was given as approximately 77 000 pm /ml, after overlaying 
the equivalent volume of particles at 0.8 pm was given as approximately 680 pm /ml. No 
reasons could be given for such differences in the data although the profiles of the two 
data sets were compatible. This problem is still undergoing analysis.
V It is of great concern to the operator to ensure that the data collected is treated in such a 
way as to minimise inaccuracies or that any inaccuracies that may occur are know and 
predictable. There is great potential for variations in results due to different operator 
methods. Although Coulter guidelines may be followed, errors will result due to operator 
judgment. It is impossible to assess the percentage error due to Coulter software 
assumptions or operator error. However, the effect on sample data must be taken into 
consideration.
4.5 Dilution
An experiment was carried out to determine the effect of sample dilution on particle count 
accuracy. A sample was prepared of 50 % partially treated river water (treated by means of a 
multistage filtration biological pilot plant), 25 % particle free water and 25 % Isoton II diluent. 
The sample was analysed, samples lines rinsed twice with a solution of 50:50 particle free water 
and Isoton II, and then the original sample was consecutively diluted by a factor of two and 
reanalysed. The results of the experiment are given in Figure 4.8.
The profiles of the undiluted and diluted samples are very similar (Figure 4.8), although the 
maximum count for the undiluted sample was at 10.16 pm as opposed to 10.3 pm for the 
diluted samples, this is in fact only one channel width difference. The counts at certain particle 
diameters are given in Table 4.1.
Diameter
9.2 pm 
measured calculated
10.3 pm 
measured calculated
10.74 pm 
measured calculated
Particle Undil. 10703 15528 8225
Count Dil. X 2 4996 5352 8625 7764 4823 4113
(counts Dll. X 4 2360 2676 4394 3882 2444 2056
/ml) Dil. X 8 1082 1338 2108 1941 1293 1028
Table 4.1 Particle counts for dilution experiment.
Although the profiles for the different dilution experiments are similar, the accuracy of results 
gained by dilution is obviously reduced. By dividing the undiluted test counts by 2, 4 and 8 the 
counts calculated for different particle diameters can be compared to those measured by 
dilution. At particle diameters of 9.2 pm the counts calculated are greater than those actually 
measured. However, at larger diameters, such as 10.3 pm and 10.74 pm the calculated counts 
are less than measured.
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4.6 Conclusion
As with any system involving a large number of variables in measurement and analysis 
techniques, inaccuracies will occur. With the Coulter method of particle measurement, these 
inaccuracies arise due to the methodology applied and assumptions made in the software 
analysis. Operator error and differences in procedures employed by different operators is also 
a major contributing factor to the reliability of the final particle size distribution data. Some of 
these inaccuracies can be minimised by good procedure control, and by following the 
procedures recommended in the Coulter manuals.
One point that should be stressed is the importance of verifying results by the use of 
microscopy. If general trends are wanted, purely for comparative work the actual size 
distribution values may not be important. However, for accurate analysis of data, and 
confidence in the particle size and count data obtained, it is important to verify the results by 
some other means. It is the authors recommendation that microscopy should be used to verify 
Coulter data. Although the two techniques measure different particle properties (sectional area 
as opposed to particle volume) microscopy can still be used to verify the reliability of particle 
count and size characteristics. The effect on the particle properties due to microscopy 
techniques must also be considered, the particle size and shape may be affected by the 
preparation procedure employed.
Although problems with the Coulter system have been raised, it is an important and useful tool 
for assessing trends in a treatment system. Comparisons of different samples can be reliably 
carried out although care must be taken if detailed analysis of individual sample results is 
required. Problems occurring in treatment systems can be noticed much sooner by studying 
particle size data rather than the more traditional turbidity and suspended solids measurements. 
Its has great potential for aiding the development and monitoring of water treatment systems.
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although the Coulter counter technique may be more appropriate for research means than for 
routine monitoring purposes.
5. Priority Tasks for Duration of Doctorate
5.1 Literature Review and Informal Meetings
A full literature review into filtration theory and modeling will be carried out with the intention 
of determining possible methodologies for particle analysis within a full scale, slow sand filter 
bed, pilot plant situated at Thames Waters’ Kempton Advanced Water Treatment works. The 
aim is to determine methods for the analysis of particle data to allow for a more in-depth 
understanding of the filtration removal processes within a treatment bed. The influence of 
combined physical, chemical and biological particle properties on their removal efficiency will be 
researched.
Discussions will be held between the author and experts in the field of filtration, particle analysis 
and modelling. This will allow an understanding of the different aspects involved within 
filtration, past and present ideology, feasible methodology plans and modelling to be developed.
5.2 Project Methodology
A  project methodology will be designed to allow the evaluation of particle size, distribution and 
characteristic, taking into consideration past and present research techniques.
The aim is to develop a methodology that will allow the monitoring of particle removal through 
biological filters both at Kempton AWT SSF beds and potentially at the Centre for 
Environmental Health Engineering’s Shalford multistage filtration pilot plant. It will be 
necessary to determine available or adaptable techniques that could be used for the monitoring 
of particle removal and for determining the characteristics of different particles. Particle 
analysers will be useful for developing particle size distribution data although it is hoped that 
other analysis techniques will be developed in order to enhance such information by determining 
the chemical and biological characteristics of the particles. The collection of such data will 
allow the assessment of whether a trend in particle characteristics could be related to their 
removal efficiency. The potential use of light microscopy, SEM and flow spectrometry will be 
considered along with other techniques that may come to light during the literature review and 
from informal discussions. A search for potential means for labelling particles, in order to allow 
monitoring of the differential removal with respect to time, will be continued
5.3 Shalford Pilot Plant
Possible supplementary work may be carried out on Shalford pilot plant to compare the 
performance of parallel rows of clean and biologically ripe upflow gravel prefilters. It would be 
extremely interesting to be able to determine detailed information on the particle removal in the 
two rows of prefilters in order to gain an understanding of the different particles removed. This 
could give interesting information on the differences between purely physical removal processes 
and physical/biological removal within biological filter beds, potentially allowing the extension 
of filtration theory. Further tests could also consider the effects of different media on filter 
performance.
5.4 Modelling
A filtration model set up to simulate filtration processes within a biological filter bed (using sand 
media), developed by Thames Water, may be adapted to allow the modelling of the prefilters in
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prefilters in order to be able to define the reasons for the different particle removal 
performances between ripe and clean gravel filter beds. This will greatly rely on the 
adaptability of the model for the monitoring of gravel beds. It would be extremely interesting 
to be able to model the gravel filters in order to assist in the assessment of differences in 
filtration processes employed in clean and ripe filters.
6. Student Supervision
6.1 Overseas Researcher - CINARA
Mery Zuniga, a researcher worker for CINARA (Centro Inter-Regional de Abastecimiento y 
Remocion de Agua) based in Cali, Colombia visited the Centre for Environmental Health 
Engineering for fourteen weeks training into particle size analysis. The itinerary for the study 
period was composed and arranged by the author who was also responsible for day-to-day 
supervision. The itinerary was prepared with the aim of increasing the visitors knowledge of 
traditional and advanced water treatment processes employed in Britain, the organisation of 
water utilities and to develop an understanding of the benefits and disadvantages of different 
particle counters for use within the water industry.
The training period included a literature study into the operational aspects of different particle 
counters and their application in the water industry. Particle analysis experience was gained on 
a Coulter Multisizer II counter at the Centre for Environmental Health Engineering, University 
of Surrey. Visits were made to water utilities and water related industries concerned with the 
assessment of particle contamination in water samples. These visits are listed chronologically 
below, with a summary of the information gained.
i PMS laser counter demonstration: A demonstration of the PMS LS-200, mobile laser 
light obscuration counter was given. This counter is able to count particle sizes between 
2 |im and 125 |im. Sample time was quick (5 ml sample analysed in approximately 15 
seconds). The demonstration counter was set to analyze discrete samples although other 
PMS counters could be constructed on-line for continuous measurements.
ii University of Surrey - Materials and Chemical & Process Engineering 
Departments: Discussions were held with lecturers of the university regarding particle 
size analysis and particle counters. It was believed that results gained from Coulter 
counters were reliable as long as the methodology employed was carefully assessed and 
strictly followed. Microscopes were said to have the potential to view ‘invisible’ 
microorganisms. Visit was made to the Electron microscope laboratory.
iii Southern W ater - Testwood WTW: A visit was made to assess the performance of on­
line laser particle counters installed to continuously monitor the performance of 
operational filter beds. Filter influent could not be monitored due to problems occurring 
by floe breakup in the sampling lines. Filter effluent was monitored at particle diameters 
less than 10 pm. The counters were also used to give an indication of possible 
C r y p t o s p o r i d i u m  oocyst and G i a r d i a  cyst breakthrough.
iv Water Research Centre - Medmenham: The pilot plant was visited, one of the 
monitoring devices employed being on-line laser counter. One of the functions of the 
particle counter was again to aid the detection of C r y p t o s p o r i d i u m  oocysts.
V Defence Research Agency: The DRA were testing mobile water treatment systems for 
deployment overseas. Particle removal was assessed using a Coulter counter. The data 
obtained from the Coulter counter was interpreted by Coulter software. Both the 
recorded data and analysed results were accepted as being reliable and representative.
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vi Thames Water - Shalford WTW: A tour was given of the treatment plant which 
included grease traps, fine screens, prechlorination, dosing with ferric sulphate, lime and 
polyelectrolyte, GAC filtration and finally chlorination. The computerised control unit 
was also demonstrated which allowed for remote treatment works control.
vii Thames Water - Wraysbury WTW & Hampton Court WTW: A visit to the 
laboratories included a demonstration of an ATP (Adenosine triphosphate) analysis, used 
to determine the presence of living cells in water samples. The analysis gives an 
immediate indication of microbiological presence in samples by the addition of an enzyme, 
Luciferase (Smith). An introduction was given to five treatment works, including 
Hampton, Kempton, Surbiton, Walton and Ashford Common. Visits were made to Queen 
Mary Reservoir. The reservoir intake and pump house were also visited. A tour was 
made of the Hampton Court WTW. This treatment plant used slow sand filtration. The 
newly installed computerised control system was also demonstrated.
viii Thames Water - Spencer House laboratories: A visit was made to one of Thames 
Waters Spencer laboratories. Thames Water has two main laboratories in order to ensure 
that in any eventuality there would always be a functional laboratory. The second 
laboratory is situated at Millharbour in the Isle of Dogs, London. Both laboratories were 
NAMAS (National Measures Accreditation Service) accredited which has since become 
UKAS (United Kingdom Accreditation Service). Analysis was being carried out on 
water, wastewater and sludge samples in five main sections; chemical, microbiological, 
organics, metals and engineering support group sections. A flow cytometer was being 
used for the measurement of G i a r d i a  cysts and C r y p t o s p o r i d i u m  oocysts, in the 
microbiology section, a demonstration of the use of the INDEXX technique to determine 
18 hour confirmation test for coliform and E .  C o l i  presence was carried out. This analysis 
only gives positive or negative response information on samples, but this was deemed 
adequate for Thames Water whose standards are set at zero counts.
ix Thames Water - Fobney WTW: This treatment works combined chemical and 
biological processes, consisting of: Pre-ozonation, coagulation (Ferric sulphate), main 
ozone, slow sand filters, superchlorination (sodium hypochlorite) and finally 
dechlorination (sulphur dioxide).
X Thames Water - Manor Farm Waste water treatment works: An introduction was 
given to the history of Thames Waters waste water treatment systems with a visit being 
made to their Manor Farm treatment works, which included primary settlement, primary 
percolating filters, secondary settlement, secondary percolating filters and finally sand 
filtration to discharge. The waste sludge was settled, ingested and dewatered with a 
polyelectrolyte.
A report was submitted by Mery Zuniga to the Centre for Environmental Health Engineering 
including a literature review into particle counters and practical experience gained (Zuniga, 
1995).
7. Overseas Work
7.1 OXFAM
The work reported in the last six monthly report regarding the adaptation of the OXFAM 
10,500 litre Water Storage Tank is now underway. Experiments have been carried out to assess 
the performance of the adapted upflow prefilter tank during high turbidity loadings at different 
flow rates. Further work will be carried out to assess the tanks performance as a chemical
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treatment unit. This work is being carried out by Joanne Crompton, working for OXFAM. 
report will be produced for OXFAM on these results.
7.2 S t Lucia
The construction of a third prefilter at the Dennery WTW in St. Lucia has been completed. A 
report has been prepared of the design and construction details. However, after the return of 
CEHE staff to Britain, the responsibility of supervision of the commissioning of the prefilter was 
passed to the St. Lucia water authority, WAS A. The loading of the prefilter with gravel media 
was not completed until August 1995. Some results were supplied to allow evaluation of the 
prefilter performance, however these results were not considered reliable since the majority of 
them had been taken whilst the filter was still not completely filled with media. Full details of 
the project are given in the D e n n e r y  U p f l o w  P r e f i l t e r  3 ,  D e s i g n  a n d  C o n s t r u c t i o n  submitted to 
the Centre for Environmental Health Engineering, University of Surrey, 1995.
8. Miscellaneous
i Doctorate of Engineering Courses attended
Sociology of the Environment, Surrey University, 24^ April 1995.
Advanced Leadership Course, Wales, 7^ July 1995.
ii The author was involved with the supervision of undergraduate Electrical Engineering 
students during a week’s team skill course. This involved setting them defined tasks, 
supervision and debriefing.
iii A Thames Water, R&D away day meeting was attended. Thames Water commitment to 
the general public in improving communication and dealing with public queries and 
concerns was raised. Actions are in progress to improve communication links. It was 
suggested by the author that some of the knowledge gained by Brunei/Surrey research 
engineers through the risk communication and risk assessment EngD modules could be of 
benefit to Thames Water. It was proposed that the research engineers should arrange a 
workshop next year for Thames Water employees for the dissemination of this 
information.
iv A Thames Water safety course was attended which dealt with such matters as the Health 
and Safety at Work Act 1974, Electricity on Construction Sites, COSHH, Hearing 
conservation. Manual handling and Occupational Health issues.
V The author has assisted in the supervision of a final year project undertaken by a MEng
civil engineering student. University of Surrey. The project was based on turbidity dosing
experiments carried out on the Shalford pilot plant upflow gravel prefilters. A thesis was 
submitted to the Civil Engineering department at the University of Surrey, titled T h e  
P h y s i c a l  P e r f o r m a n c e  o f  M u l t i s t a g e  U p f l o w  G r a v e l  P r e f d t e r s ,  author I P Major 
(September 1995).
vi The second Six-monthly EngD Progress Meeting took place at Thames Waters Kempton 
WTW on the 5^ September 1995. Minutes of the meeting are given in APPENDIX 1.
vii The second EngD Annual Conference was held at Runnymead campus of Brunei
University on 19^ ' and 20*^  of September 1995. A poster presentation was given by the 
author.
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Thames Water & Centre for Environmental Health 
Engineering
Minutes of the Second 6 Monthly Doctorate of Engineering Meeting
(held on Tuesday 5th September 1995 at Kem pton WTW)
Present:
EngD Surrey Course Director: Alex Roberts (Chairman)
Thames Water: Mike Bauer University of Surrey: Prof. Chris R I Clayton
Michael J Chipps Brian A Clarke
Andrew Eades (Part-time) Dr Y. Ramses Fares
Bill Brignal Dr Tony H L Chamberlain
Steve Williams
Teny Simms (Part-time) Research Engineers: Helen L Evans
Richard J Scriven 
Sarah M McMath 
Henrietta Maynard 
Fiona J Dennison
Meeting started at 9.30am.
1 Apologies for absence
Apologies for absence were received from:
Dr David Holt (TW), Anaick Delanoue (TW), Dr Barry J. Lloyd (UoS), Tony J. Rachwel 
(TW).
2 Actions from previous meeting
Module programme circulated to all supervisors. Module contents for year three still to be 1.1 AKR 
defined.
Arrangement and relevance of EngD courses has been discussed and the REs are of a 
general opinion that the current arrangement is preferable.
Helen Evans has decided to submit a number of literature reviews, the first to be submitted 
at the end of this year.
Steve Williams to follow up with Linda Godfrey, Thames Water support of possible
extension of Helen Evens doctorate. 1.4 SW
Alex Roberts has discussed the possible extension of Helen Evans doctorate with the EngD
management committee. Permission for the extension has been granted although it is
agreed by all parties that it would be preferable that HLE graduates with her peers.
Richard Scriven to complete background research by next meeting. 1.6 RJS
2.3 RJS
Sarah McMath to accompany Sian Smith on pipe cut-out experiment. 1.7 SMM
Industrial supervisors to keep REs informed of in-house courses and meetings. 1.8 MIC
P M N  - P l e a s e  c o u l d  D r  D a v i d  H o l t  a n d  A n d y  E a d e s  t a k e  n o t e  o f  t h i s  a c t i o n  
Mike Chipps did not circulate lists of courses at Thames due to cost restrictions.
Engineering Doctorate course regulations to be circulated to all supervisors when available. 1.10 AKR 
Bimonthly reports to be circulated to all supervisors. 1.11 HLE,
RJS, SMM
Brian Clarke sent a guide list of University expenses rates to Steve Williams
3 Reviews of REs work
Helen Evans - Presentation on past 6 months work and proposed future work. Discussion 
of Coulter counter software limitations.
Richard Scriven - Presentation on past 6 months work and proposed future work. Concern 
was expressed on availability of academic supervisor. RJS to take responsibility for 2.1 RJS
communications. HLE to keep RJS informed of Dr Barry Lloyds whereabouts. To speak 2.2 HLE 
to Health and Safety and Operational Science regarding the aggressive behaviour of Iron 
Chlorine (when used as a coagulant).
Sarah McMath - Presentation of past 6 months work and proposed future work.
Discussion on the proposed ozone work. SMM to see Bill Brignel regarding mass transfer 
of ozone. 2.4 SMM
4 Modules
Problems with the length of time taken for some assignments from EngD courses (up to 5 
weeks). Alex Roberts to look into this. 2.5 AKR
5 Portfolio Content
The contents and requirements of the portfolio need clearer definition. Should be defined in
the new course handbook. AKR to report to next management executive meeting. 2.6 AKR
There were queries as to whether the bi-monthly progress reports should be included in the
portfolio content. To be raised at supervisors meeting on 20/09/95. 2.7 AKR
It was debated that certain aspects of the portfolio should be open for revision, with special
reference being made to literature reviews. To be discussed at the EngD Management
Executive meeting on 7/09/95. 2.8 AKR
6 New intake of REs
Fiona Dennison and Henrietta Maynard were introduced to the meeting. FJD raised a
query about chartered membership training for ICE. To talk to Jerry Parke and arrange a
meeting with the regional training officer. 2.9 FJD
7 Elective modules
The content and definition of elective modules was discussed. It was generally agreed that 
the acceptability of an elective module should be determined by the Management Executive 
Committee, with consideration being given to the REs previous knowledge and the 
relevance to the research programme.
8 Risk Perception and Communication Workshop
The setting up of a workshop to explore the areas of Risk Perception and Communication
and their relevance to Thames Water, in sight of their increased communication links with
the general public, has been discussed. The benefit of such a workshop is to be further
discussed with Tony Rachwel. Its use as an elective module is to be discussed with the
EngD course directors. 2.10 HLE
9 Confidentiality
. The presentation of research at the Civil Engineering Department monthly meetings was 
discussed. It was recognised that some results would be considered as confidential to 
Thames Water and that their inclusion in the meetings would be at the discretion of Thames 
Water.
10 Forthcoming Events
EngD conference- On 19 - 20th September at Runnymede campus, Brunei University.
Supervisors meeting at 3.30 pm on Wednesday 20th September.
EngD annual Dinner/Dance - On 4*^  November, venue to be confirmed.
Thames Water Walton open-day - On Saturday 9* September, 10 am to 4 pm.
Next meeting to be held at 9.30am on Tuesday February 6th at Kempton WTW.
Distribution:
Those present plus:
Dr David Holt (TW), Anaick Delanoue (TW), Dr Barry J. Lloyd (UoS), Tony J. Rachwel (TW), Prof Jeni 
Colboume (TW), Tony Woodward (TW), Sian Smith (TW).
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1. Literature review
A literature review has been completed covering aspects of water filtration theory and 
practice. Filtration mechanisms were discussed under the headings of trajectory 
analysis and phenomenological analysis, which take into consideration filtration 
mechanisms and particle removal from microscopic and macroscopic approaches 
respectively. The influence of transport, attachment and detachment mechanisms on 
particle removal efficiency was reviewed. Some of the techniques used for the 
modelling of particle removal by filtration for both methods were briefly examined and 
reported. The application of current theory and modelling techniques for the evaluation 
of and impact on filter operation and management was also discussed. The review is 
currently being proof read by supervisors and will be submitted at a later date.
2. Project Proposal
This period has focused on the development of the next stage of research. As an 
introduction a detailed literature review on filtration theory was carried out, as 
mentioned in Section 1. Meetings have been held with many employees within Thames 
Water as well as experts in the fields of filtration theory, particle removal, particle 
analysis and microbiology (Section 4). The ideas communicated and information 
obtained have resulted in the development of a project proposal for the monitoring of 
particle removal through upgraded slow sand filter beds. Details on the project 
proposal are given below. However, this is still a flexible proposal and may be adapted 
and modified where and when believed necessary.
2.1 Problem
Limited research has been carried out on the efficiency of particle removal on 
biological filters with respect to particle size distribution data of natural materials and 
biological entities. The natural particles entering a filter bed may be removed, broken 
down, form floes or aggregates; this implies that particles leaving the filter may have 
different properties to those entering. In addition, biological particles may grow or 
multiply within the filter bed. Particle size distribution data will yield some information 
on changes in particle size but changes in chemical and biological properties generally 
go unnoticed, as do other physical parameters (density, etc.).
The majority of current filtration theory is still empirical or at least semi-empirical. 
Theoretical filtration models have been developed, which often evolve as a 
consequence of empirical work, and are hence adjusted by factors that ensure that the 
model will fit with practice. The resulting model is generally specific to pre­
determined conditions, and will not be applicable to environments with different or 
varying water, particle and/ or media characteristics. Particle removal predictions, 
determined by such models may deviate considerably from practical systems. This may 
be partly explained by the necessity to simplify the system for modelling purposes. As 
a result many assumptions are made, such as: spherical media and particles, 
homogeneous media and particles, laminar flow conditions, clean bed conditions. 
Laboratory tests, pilot tests and/or if possible full scale tests are required in order to 
determine empirical parameter values. This is true both for trajectory (macroscopic) 
and phenomenological (microscopic) approaches.
Although models are becoming increasingly complex, they are still unable to take into 
consideration the effects of all significant particle, water and media characteristics and 
plant operating conditions. The models are also difficult to apply in practice without 
prior model/ pilot plant/ full scale tests, hence their uses are limited (although they do 
lead to an increased understanding of filtration mechanisms).
2.2 Aim
The aim of this research is to further the understanding of particle removal mechanisms 
within a biological filter bed, by investigating aspects which influence the natural (i.e. 
non-chemical) filter particle removal performance. The research will try to assess why 
certain particles are, and others not, removed within the filter. This is an immensely 
complex subject, with varying constraints, (such as the chemical, physical and 
biological characteristics of the water, media and particles). This project will aim to 
suggest possible filtration mechanisms and/or operating conditions influencing particle 
removal, in particular focusing on the effect of physical particle properties, whilst 
taking into consideration the impact of chemical and biological characteristics. Filter 
efficiency will be assessed and evaluated under different controlled operating 
conditions, such as particle properties, particle concentration, mixture of particles and 
bed maturity.
The research work is to be carried out on a pilot plant at Thames Water’s Kempton 
Park AWTC, which consists of ten filter units each of approximate internal surface 
area 0.6 m x 0.9 m. It is proposed that four of the units be used; with two units to be 
dosed with known solutions of particles and two control units. The operational 
conditions will be carefully controlled and the performance of the different units 
monitored and assessed.
Higher than normal flow rates for currently operating slow sand filters will be used for 
this research, the reasons for this are given in Section 2.5. It is hoped that the results 
of this research will evaluate the potential for the upgrading of slow sand filters and aid 
in the determination of the minimum time required for run-in of clean filter beds, hence 
reducing the run to waste period and improving plant efficiency. Results will be 
related back to traditional filtration theory, which considers chemical and physical 
mechanisms only. It is hoped that the understanding of biological influences in water 
filtration may be extended and used to enhance current theories.
2.3 Choice of Particles
This research will involve dosing known concentrations of particles into pilot scale 
filter beds and the monitoring of their removal. It is proposed that the particles to be 
dosed will be restricted to three size ranges, of approximate average particle diameters 
1 p.m, 4 |im and 10 pm, representative of bacteria, C r y p t o s p o r i d i u m  oocysts and 
G i a r d i a  cysts. The removal of such particles is of great concern to water treatment 
organisations throughout the world.
The properties of the particles to be dosed were considered, and used to assess the 
appropriateness of such a particle to represent organisms naturally present in the raw 
water source. Dosing of non-natural particles could disturb the balance of the filter 
bed, resulting in filter performance problems. In addition, if the particles to be dosed 
are naturally present in the raw water, it will be necessary to determine the total
concentration of particles going onto the filter bed. This will be needed in order to 
adjust the loading concentrations during the analysis of results.
Certain criteria were used to determine the most appropriate dosing particle, with 
consideration being given to the following properties of the particles:
♦ The ease of culturing and growing the particles (or their commercial 
availability and cost), ability to dose and measure;
♦ The particle size range;
♦ The characteristics of the particles to be dosed should be similar and/or 
representative of particles naturally found in raw water sources;
♦ Particles should be non -motile;
♦ Particles should preferably be solitary and spherical, it is important that the 
particles do not clump together after dosing, hence changing their physical 
properties for analysis.
Below is a list of particles that were considered and some of their benefits and/or 
disadvantages. The proposed choice of particles for dosing is given at the end of this 
section.
Bacteria
Serratia marcescens:
Chromohacterium
spp.:
M icrococcus spp. : 
M icrococcus luteus: 
Klebsiella spp.:
Bacillus spp.:
Bacillus globigii 
spores;
motile, hence probably not suitable;
Some strains produce a non-diffusible reddish pigment, 
which is easy to measure (caution necessary since there 
are likely to be other red pigmented particles present).
0.5 to 1 X 1 to 5 pm, polarly flagellate;
deep purple colour, produce a violet ethanol-soluble
pigment, violacien;
modest natural presence in natural waters.
generally non-motile;
commonly about 1 to 2 pm in diameter;
spherical, non-pathogenic.
occur singly or in pairs, tetrads, packets or clusters;
yellow pigment commonly formed;
majority of strains sensitive to lysozyme.
non-motile bacteria of the enterobacteriaceae;
naturally present in soil and water;
capsulated rods which usually form convex, viscid
colonies.
motile (flagellate);
rod-shaped, 0.5 to 2 x 2 to 6 pm;
spores formed within the bacterium.
0.8 X (1.5 - 1.8) pm;
non-pathogenic, microbial spores;
resistant to environmental conditions, can be detected up
to three weeks after release, at high dilutions.
Bacillus subtilis var. 
niger s p o r e s :
Bacillus lentus o r  
Bacillus megaterium:
Metasiclus spp.: 
Staphylococcus spp.:
A m e r ic a n  r e s e a r c h  h a s  s ta te d  th a t su c h  s p o r e s  m a y  b e  
u s e d  a s  a  s u r r o g a te  fo r  Cryptosporidium d u e  t o  s p o r e s /  
c y s t s  r e a c t io n  s im ila r itie s ,
e a s ie r  t o  c o l le c t  a n d  m e a s u r e  th a n  Cryptosporidium 
o o c y s t s  d u e  t o  th e ir  b la c k  c o lo n y  c o lo u r .
A s  m e n t io n e d  in  th e  M e tr o p o lita n  W a te r  B o a r d  R e p o r t  
N o .  4 4 .  S im ila r  t o  a  y e l lo w  s p o r in g  b a c illi  fo u n d  
p e n e tr a t in g  s lo w  sa n d  f ilte r  b e d s ,  
d o u g h n u t  sh a p e d , m a y  b e  d if f ic u lt  t o  d o s e ,  
n o n -m o t ile ;
sp h er ic a l, g e n e r a lly  1 p m  d ia m eter ._ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
Algae
Chlorella spp. 
( p o s s ib ly  Chlorella 
vulgaris):
Nannochloris spp. :
Porphyoridium spp.. 
Synechococcus spp..
u p  t o  1 0  p m  d ia m e te r , l ik e ly  t o  h a v e  sm a ll s iz e  r a n g e s ;
c e l lu lo s e  c o n ta in in g  c e ll  w a ll  c o n ta in  s in g le  h a p lo id
n u c le u s  and  a  la r g e  (u s u a lly  c u p  s h a p e d )  c h lo r o p la s t  a n d
m a y  c o n ta in  a  p y r e n o id ;
u n ic e llu la r , p e r fe c t ly  sp h e r ic a l,
g r e e n , n o n -f la g e lla te , n o n -m o t ile ;
o fte n  so lita ry , u su a lly  g r e g a r io u s ;
s p e c ie s  o c c u r  in  fr e s h w a te r  e n v ir o n m e n ts , in  s o i l ,
tr e e tr u n k s , e tc .;
a se x u a l r e p r o d u c tio n , h e n c e  p o s s ib le  s iz e  ra n g e ;  p a r tic le  
s iz e s  s im ila r  t o  p a r e n ts  o r  a u to sp h o r e s ;
M a y  n e e d  t o  g r o w  a x e n ic a lly  ( to  p r e v e n t  u n d e s ir e d  
b a c te r ia l g r o w th ) ,  m a y  b e  a b le  t o  b u y  p u r e  s u p p lie s ;
E a s y  t o  g r o w , m a y  g r o w  o n  p la te s , 
le s s  th a n  4 .5  p m  d ia m eter;
n o n -m o t i le , a lm o s t  sp h er ica l, s im ila r  p r o p e r t ie s  t o  
Chlorella spp. ; 
su b cy lin d r ica l o r  o v o id ;
p ar ien ta l, p la te - l ik e  c h lo r o p la s t  a t o n e  o r  b o th  en d s;  
u su a lly  o c c u r  in  la r g e  n u m b er s  w ith  a  g e la t in o u s  m a ss;  
c e lls ,  in d iv id u a lly  o r  in  p a irs , e n c lo s e d  b y  la m e lla te  
sh ea th s .
red , q u ite  sm a ll, m o r e  d is t in g u is h a b le  th a n  Chlorella. 
u n ic e llu la r  b lu e -g r e e n  a lg a e , b r ig h t b lu e  c o lo u r  u n d e r  th e  
m ic r o s c o p e ;
so lita ry  o v a l c e l ls ,  m a y  b e  fo u n d  in  p a ir s  a s  a  r e s u lt  o f
r e c e n t  f is s io n , ca n  g r o w  v e r y  fast;
q u ite  large: u p  t o  3 5  p m  in  le n g th ._ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
Diatoms G e n e r a lly  m o r e  d if f ic u lt  t o  g r o w  th a n  o th e r  m ic r o o r g a n is m s ,
h e n c e  th e  b e s t  o p t io n  m a y  b e  t o  c a tc h  th e m  w h e n  n a tu r a lly  
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ o c c u r r in g  in  th e  r a w  w a te r ._ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
Stephanodiscus spp. • d r u m -sh a p e d  c e lls ,  u su a lly  s h o w in g  a  c ir c le  o f  p r o m in e n t  
sp in e s  im m e d ia te ly  w ith in  b u t e x te n d in g  b e y o n d  t h e  
m a rg in  o f  th e  v a lv e .
Stephanodiscus
hantzschai:
Cyclotella spp. :
Stichococcus spp. : 
d ia to m a ceo u s earth:
u n ic e llu la r  a lg a e ;
fo u n d  o n  n e t  s a m p le s  fr o m  e ff lu e n t  o f  T h a m e s  W a te r  
s lo w  sa n d  f ilters .
s im ila r  m o r p h o lo g y  t o  Stephanodiscus',
c ircu la r  c e l ls ,  n a r r o w ly  re c ta n g u la r  in  g ir d le  v ie w ,  o f t e n
lie  p ara lle l w ith  o n e  a n o th e r  t o  fo r m  c h a in s  o r  sh o r t
f ila m en ts .
sh o r t-c y lin d r ic a l c e l ls  w ith  r o u n d e d  p o le s ,  1 0  t o  2 0  
s o m e t im e s  4 0  c e lls .
c o m m o n ly  u s e d  a s  a  f ilte r  a id , h e n c e  n e e d  t o  c o n s id e r  
in f lu e n c e  o n  f iltr a tio n  e ff ic ie n c y ._ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
Yeast/ Fungi
Saccharomyces 
cerevisiae (B a k er’s or  
b rew er’s y east): 
Rodotorula glutinis:
Candida utilis:
Penecillium spp.:
Aspergillus spp.:
Y e a s t s  g e n e r a lly  o v a l, 3 .5  t o  8  p m  b y  5 t o  15  p m . M a y  b e  
s l ig h t ly  n e g a t iv e ly  c h a r g e d  b u t n o t  a s  s tr o n g ly  a s  b a c te r ia .
G e n e r a lly  w o n ’t  m u ltip ly  in  w a te r  s in c e  t o o  d ilu te ._________
ra re ly  p r e se n t  in  th e  n atu ra l en v ir o n m e n t;  
c h e a p  a n d  e a s i ly  a v a ila b le .
M o r e  fr e q u e n tly  p r e s e n t  in  n atu ra l e n v ir o n m e n t  th a n  
o th e r  y e a s ts ;
P in k  cu ltu res;
m a y  s u r v iv e  b e t te r  in  r a w  w a te r  c o n d it io n s ;
2 .5  t o  5 .5  p m  b y  5 t o  1 0  p m .
s p o r e s  o f  m o r e  r e g u la r  s iz e  d is tr ib u tio n , g e n e r a lly  3 t o
5 .5  p m  b y  6  t o  9  p m ;
m a y  n o t  b e  n a tu ra lly  a s s o c ia te d  w ith  w a te r  h e n c e  n o t  a s  
r e p r e se n ta t iv e  o f  tr u e  sy s te m ,  
ty p ic a lly  s a h r o p h y tic  o r g a n ism s;
n o t  n a tu ra lly  p r e se n t  in  h ig h  p r o p o r t io n s  in  n a tu ra l w a te r ;  
sp o r e s  m a y  sta rt t o  g e r m in a te  a fte r  4 8  h o u r s , 
n o t  n a tu ra lly  p r e se n t  in  h ig h  p r o p o r t io n s  in  n a tu ra l w a te r ;  
s p o r e s  m a y  start t o  g e r m in a te  a fte r  4 8  h o u r s ._ _ _ _ _ _ _ _ _ _ _ _
Others
Cryptosporidium spp.
Lycopodium spores:
silica  (silicon  d ioxide): 
C arb on y l iron  or  
ch ro m a to g ra p h y  
m edia:
B en to n ite:
L a tex  spheres:
u n ic e llu la r  p r o to z o a ;
e x p e n s iv e  and  d iff ic u lt  t o  m e a su r e . H o w e v e r  o f  g r e a t  
in te r e s t  t o  th e  w a te r  in d u str y , 
h a v e  b e e n  u s e d  a s  a  tr a c e r  in  w a ter ;  
o b ta in e d  fr o m  p in e  tr e e s .
P a r tic le  s iz e  r a n g e  b e tw e e n  0 .5  t o  1 0  p m .
C h a r g e  m a y  b e  h ig h , a n d  h e n c e  n o t  r e p r e s e n ta t iv e  o f  
n atu ra lly  o c c u r r in g  p a r tic le s .
W id e  p a r tic le  s iz e  d is tr ib u tio n  ra n ge;  
u n ty p ic a l o f  n a tu ra lly  p r e se n t  p a r tic le s .
R e la t iv e ly  e x p e n s iv e ;
n o t  r e p r e se n ta t iv e  o f  n a tu ra lly  o c c u r r in g  p a r tic le s .
T h e  c u rre n t m o s t  p o p u la r  c h o ic e  o f  d o s in g  p a r tic le s  is  g iv e n  b e lo w :
Bacillus subtilis var. niger. n o n  p a th o g e n ic , m ic r o b ia l s p o r e s , 0 .8  x  ( 1 .5  -  1 .8 )  p m .
Porphyoridium o r  Chlorella: n o n -m o t i le , u n ic e llu la r  a lg a e , u p  t o  1 0  p m  in  d ia m e te r .
Y e a s t :  s ta in  w ith  a cry ln  o r a n g e .
P o s s ib le  a d d it io n a l e x p e r im e n ts  u s in g  k a o lin .
H o w e v e r ,  r e s e a r c h  in to  p a r tic le s  th a t  h a v e  b e e n  fo u n d  in  th e  e ff lu e n t  o f  T h a m e s  W a te r  
s lo w  sa n d  f i lte r s  is  cu r r e n tly  b e in g  ca rr ied  o u t , w ith  th e  a im  o f  is o la t in g  p a r t ic le s  w h ic h  
h a v e  p r e v io u s ly  b e e n  fo u n d  t o  p e n e tr a te  th e  f ilte r  b e d s , and  h e n c e  m a y  p r o v e  
in te r e s t in g  t o  m o n ito r  d u r in g  f iltra tio n . In  g e n e r a l, a lg a e  are  th e  m o s t  fr e q u e n t ly  
o c c u r r in g  p a r tic le  fo u n d  t o  p e n e tr a te  s lo w  sa n d  f ilte r  b e d s . P e n e tr a t io n  o f  s u c h  
o r g a n is m s  m a y  r e s u lt  in  th e  f ilte r s  h a v in g  t o  b e  p u t  o u t  o f  s e r v ic e  u n til th e  p r o b le m  h a s  
b e e n  r e s o lv e d  a n d /o r  c h a n g in g  th e  r a w  w a te r  su p p ly . T h e  m o s t  c o m m o n  a lg a e  
r e c o r d e d  p e n e tr a t in g  T h a m e s  W a te r  s lo w  sa n d  f ilte r  b e d s  a re  Stephanodiscus 
hantzschai g e n e r a lly  d u r in g  th e  m o n th s  o f  F e b r u a r y / M a r c h  ( fo r  u n m a n a g e d  r e s e r v o ir s )  
a n d  M a r c h /  A p r il ( f o r  m a n a g e d  r e s e r v o ir s ) , a n d  Rhodomonas n o r m a lly  d u r in g  la te  
s u m m e r  (B a y le y , 1 9 9 6 ) .
A lg a e  c a n  a ls o  re s u lt  in  o p e r a t io n a l p r o b le m s , u su a lly  d e m o n str a te d  b y  an  in c r e a s e d  
h e a d  lo s s  d u e  t o  th e  fo r m a tio n  o f  a  m a t o n  th e  su r fa c e  o f  th e  f ilte r  b e d . S u c h  m a ts  
re s u lt  in  b lo c k a g e  o f  th e  sa n d  f ilte r  su r fa c e . It m u st  h o w e v e r  b e  n o te d  th a t  p a r tic le s  
th a t a re  r e ta in e d  o n  th e  su r fa c e  o f  th e  f ilte r  b e d , o r  w h ic h  are  m o s t  n u m e r o u s  in  th e  
r a w  w a te r , a re  n o t  n e c e s s a r ily  th e  sa m e  a s  t h o s e  fo u n d  in  th e  f ilte r  e f f lu e n t . T h e r e  is  
still lim ite d  r e s e a r c h  r e la tin g  p a r tic le s  in  th e  r a w  w a te r  lo a d in g  a  f ilte r  t o  t h o s e  in  th e  
e f f lu e n t . I t  m u s t  b e  n o te d  th a t th e  p a r tic le s  lo a d in g  a  f ilte r  u n it  a re  n o t  n e c e s s a r ily  th e  
s a m e  a s  t h o s e  le a v in g  it.
F u r th e r  r e s e a r c h  h a s  b e e n  ca rr ied  o u t  w ith in  T h a m e s  W a te r  t o  d e te r m in e  th e  
p e n e tr a t io n  o f  a n im a ls  th r o u g h  s lo w  sa n d  f ilte r s . T h e  m o s t  a b u n d a n t g r o u p s  w e r e  
n o te d  t o  b e  r o t ifie r s , h a r p a c t io id s  and  n au p lii (B a ile y  et a l,  1 9 9 5 ) . H o w e v e r ,  fu r th e r  
in fo r m a tio n  o n  th e  s p e c ie s  ty p e  is  n o t  k n o w n .
R o ta to r ia  a re  h a r m le ss  m ic r o s c o p ic  a n im a ls , w h ic h  are  n o t  b e l ie v e d  t o  b e  h a r m fu l t o  
a n y  p la n t o r  an im al th a t m a y  b e  d e f in e d  a s  b e in g  o f  u s e  t o  h u m a n s. T h e y  a re  r e la t iv e ly  
la r g e , b e in g  ty p ic a lly  o f  s iz e s  b e tw e e n  4 0  p m  t o  2  m m . I f  p a r tic le s  o f  s u c h  s iz e s  a re  
fo u n d  in  f ilte r  e f f lu e n t  it is  g e n e r a lly  a s  a  r e su lt  o f  p r o b le m s  w ith in  th e  filte r , s u c h  a s  
f is s u r e s  in  th e  f ilte r  b ed . H e n c e  su c h  a n im a ls  a re  n o t  o f  in te r e s t  f o r  th is  r e s e a r c h  
p r o je c t .
2A Choice of Raw Water
T h e r e  w a s  a  c h o ic e  o f  th r e e  w a te r  su p p lie s  fo r  lo a d in g  o n to  th e  f ilte r  u n its . T h e  f ir s t  
su p p ly  w a s  t o  b e  d ra w n  d ire c t  fr o m  an  a q u e d u c t , su p p ly in g  w a te r  fr o m  s t o r a g e  
r e s e r v o ir s . H e n c e , p rim ary  se d im e n ta t io n  w o u ld  b e  th e  o n ly  tr e a tm e n t  s t a g e  p r io r  t o  
d o s in g . T h e  o th e r  t w o  s u p p lie s  w o u ld  h a v e  u n d e r g o n e  p re lim in a ry  tr e a tm e n t  w ith  
s tr e a m  1 h a v in g  u n d e r g o n e  p r e o z o n a t io n , f o l lo w e d  b y  R a p id  G r a v ity  F iltr a t io n  a n d  
fin a lly  m a in  o z o n a t io n . S tr e a m  2  w a s  s im ila r  t o  s tre a m  1 e x c e p t  a  G r a n u la r  A c t iv a te d  
C a r b o n  f ilte r  (G A C )  w a s  a d d e d  a s  th e  fin a l s ta g e  o f  p re lim in a r y  tr e a tm e n t . T h e  q u a lity  
o f  w a te r  lo a d in g  o n to  th e  filte r  b e d  is  h e n c e  h ig h ly  d e p e n d e n t  u p o n  t h e  p r e lim in a r y  
tr e a tm e n t s ta g e s . I t  h a s  b e e n  r e c o m m e n d e d  th a t p re lim in ary  t e s t s  b e  c a r r ie d  o u t  w ith
th e  a q u e d u c t  s u p p ly in g  th e  w a te r . H o w e v e r , fo r  th e  d o s in g  e x p e r im e n t  w o r k  it h a s  
b e e n  s u g g e s t e d  th a t p a r tia lly  tr e a te d  w a te r  b e  u s e d  d u e  t o  th e  p o o r  q u a lity  o f  th e  
a q u e d u c t  w a te r  su p p ly . S u c h  n a tu ra lly  h ig h  p a r tic le  lo a d in g s  c o u ld  c o n fu s e  th e  
in te r p r e ta t io n  o f  r e s u lts . H o w e v e r ,  c o n s id e r a t io n  w il l  h a v e  t o  b e  g iv e n  d u e  t o  th e  
b a c k w a s h in g  o f  th e  tr e a tm e n t s y s te m  r e s u lt in g  in  p e a k  lo a d in g s  o n t o  th e  f ilte r  b e d s .  
C o m p lic a t io n s  in  p r e v io u s  e x p e r im e n ts  ca rr ied  o u t  o n  th e  f ilte r  u n it r e s u lte d  d u e  t o  t h e  
u n p r e d ic ta b le  w a te r  q u a lity  fr o m  G A C  o r  o z o n a te d  s u p p lie s  ( s e e  R a c h a e l  H o b s o n ,  
1 9 9 6 ) .  E n q u ir ie s  a re  a ls o  b e in g  m a d e  a s  t o  th e  fe a s ib il ity  o f  a tta in in g  a  s l o w  sa n d  
f ilte r e d  su p p ly  o f  w a te r  fo r  th e  d o s in g  e x p e r im e n ts .
2.5 Methodology
T h e  c h o ic e  o f  f l o w  r a te  a t w h ic h  th e  p ilo t  f ilte r  b e d s  a re  t o  b e  o p e r a te d  g a v e  
c o n s id e r a t io n  t o  th e  p o te n t ia l  fo r  th e  u p g r a d in g  o f  e x is t in g  s lo w  sa n d  filte r s . H e n c e ,  a  
f l o w  r a te  o f  0 .7  m /h r  w a s  c h o s e n , w h ic h  c o u ld  r e su lt  in  m o r e  e f f ic ie n t  s lo w  sa n d  filte r s . 
T h is  r e s e a r c h  w o r k  w ill  in v e s t ig a te  th e  fe a s ib ility  o f  in c r e a se d  f lo w  r a te s  o n  s lo w  sa n d  
f ilte r s  a n d  th e  su b s e q u e n t  in f lu e n c e  o n  e f f lu e n t  q u a lity . A s  a  r e s u lt , th e  m e d ia  t o  b e  
u s e d  w a s  d e f in e d  b y  th e  m e d ia  p r e se n tly  e m p lo y e d  in  T h a m e s  W a te r s  s lo w  sa n d  f ilte r s , 
s in c e  c h a n g in g  th e  f ilte r  m e d ia  in  a ll th e  e x is t in g  s lo w  sa n d  f ilte r s  w o u ld  b e  e x p e n s iv e  
an d  u n fe a s ib le . A n o th e r  c o n s id e r a t io n  t o  th e  c h o ic e  in  f lo w  ra te  w a s  th a t  p r e v io u s  
w o r k  ca rr ied  o u t  o n  g r a v e l p r e filte r s  a t S h a lfo r d  W T W  p ilo t  p la n t (C E H E )  in v o lv e d  a  
f lo w  r a te  o f  a p p r o x im a te ly  0 .7  m /h r. H e n c e  it w o u ld  a ls o  b e  in te r e s t in g  t o  n o t e  i f  a n y  
s im ila r it ie s  a re  n o t ic e d  b e tw e e n  th e  t w o  s y s t e m s ’ p e r fo r m a n c e . H o w e v e r ,  th is  is  
b e lie v e d  t o  b e  h ig h ly  u n lik e ly  c o n s id e r in g  th e  d if fe r e n c e s  b e t w e e n  p a r tic le s , w a t e r  a n d  
m e d ia  p r o p e r t ie s , a n d  a ls o  th e  m a tu r ity  o f  th e  f ilte r  b e d s .
E a c h  f ilte r  u n it  w ill  c o n ta in  sa n d  m e d ia  t o  a  d e p th  o f  a p p r o x im a te ly  0 .5  m . T h e  sa n d  
w ill  b e  w a s h e d , a n d  p o s s ib ly  s ie v e d , p r io r  t o  in s ta lla t io n . T h e  in itia l p e r fo r m a n c e  o f  
th e  u n its  w il l  b e  m o n ito r e d  a t a  f lo w  ra te  o f  0 .7  m V m ^/h, w ith  b o th  b e d s  b e in g  d o s e d  
w ith  sim ila r  s o lu t io n s . I t  is  l ik e ly  th a t s lo w  sa n d  f ilte r s  w ill  s o o n  n e e d  t o  b e  u p g r a d e d  
b y  in c r e a s in g  th e  f l o w  ra te , in  o r d e r  t o  m a k e  th e m  m o r e  c o s t  e f f e c t iv e  a n d  e f f lc ie n t .
T h e  f ilte r  u n its  w ill  b e  m o n ito r e d  p r io r  t o  th e  c o m m e n c e m e n t  o f  t h e  d o s in g  
e x p e r im e n ts , in  o r d e r  t o  c o m p a r e  and  ca lib r a te  th e  fo u r  f ilte r  u n its  p e r fo r m a n c e . T h is  
w ill  a ls o  a l lo w  th e  o p p o r tu n ity  t o  r e fin e  c o n tr o l a n d  s a m p lin g  s tr a te g ie s . O n c e  th is  h a s  
b e e n  ca rr ied  o u t , s o lu t io n s  o f  p a r tic le s  w ill  b e  m a d e  a n d  d o s e d  o n to  t w o  o f  th e  f ilte r  
u n its . E a c h  s o lu t io n  w ill  b e  d o s e d  in  th r e e  s t a g e s  o f  f ilte r  m a tu r ity , i .e .  a t c le a n  b e d  
c o n d it io n s , a fte r  o n e  w e e k s  r ip en in g  and  a fte r  t w o  w e e k s  r ip e n in g . T h e  p r o p o s e d  
d o s in g  s o lu t io n s  w ill  b e  c h a n g e d  in  th e  o r d e r  o f  th e  fo l lo w in g  lis t  ( n o t e  th a t th is  is  an  
in itia l s u g g e s t io n  fo r  a p p ro p r ia te  d o s in g  p a r tic le , w h ic h  m a y  b e  c h a n g e d  a fte r  fu r th er  
in v e s t ig a t io n ):
1. P a r t ic le s  1;
2 . P a r t ic le s  2 ;
3 . P a r t ic le s  2 ;
4 . P a r t ic le s  1 + 2 ;
5 . P a r t ic le s  1 + 3 ;
6 . P a r t ic le s  2  +  3;
7 . P a r t ic le s  1 + 2  +  3 .
w h e r e  th e  p r o p o s e d  p a r tic le s  a re  a t p rese n t:
P a r t ic le s  1 =  B a c il lu s  s p o r e s  
P a r tic le s  2  =  y e a s t  
P a r tic le s  3 =  a lg a e
D u r in g  t h e  d o s in g  e x p e r im e n ts , a  s o lu t io n  o f  th e  p a r tic le s  w il l  b e  m ix e d  in to  th e  t w o  
f ilte r  u n it ’s  su p er n a ta n t in  o r d e r  t o  e n su r e  th a t th e  su p er n a ta n t is  a t th e  d e s ir e d  p a r tic le  
c o n c e n tr a t io n . T h is  w ill  m in im ise  th e  d e la y  b e tw e e n  c o m m e n c in g  d o s in g  a n d  th e  f i lte r  
u n its  r e a c h in g  s ta b le  s ta te . T h e  d o s in g  c o n c e n tr a t io n  o f  th e  p a r tic le s  w il l  b e  e v a lu a te d  
an d  m o d if ie d  o n  th e  b a s is  o f  e a s e  o f  p a r tic le  c o l le c t io n  a n d  m e a su r e m e n t . T h e  d o s in g  
p e r io d s  w il l  b e  o f  a p p r o x im a te ly  f iv e  h o u r  d u ra tio n , th is  w il l  h o w e v e r  b e  e v a lu a te d  
c o n s id e r in g  p a r tic le  p r o p e r t ie s  a n d  m e a su r e m e n t  r e s u lts . C o n s id e r a t io n  w il l  h a v e  t o  b e  
g iv e n  t o  in d iv id u a l p a r tic le  p r o p e r t ie s , e .g .  Bacillus s p o r e s  m a y  g r o w  a n d  g e r m in a te  
a fte r  m a y b e  an  h o u r . H o w e v e r ,  b y  m in im is in g  th e  e x p o s u r e  o f  a lg a e  t o  lig h t , it  is  
b e lie v e d  s ig n if ic a n t  a lg a l g r o w th  w ill  n o t  o c c u r  d u r in g  d o s in g . T h is  m a y  b e  e n su r e d  b y  
c o v e r in g  th e  d o s in g  tan k .
M icro sco p y
F o r  m ic r o s c o p y  w o r k  it m a y  b e  n e c e s s a r y  t o  la b e l th e  p a r tic le s  w ith  f lu o r e s c e n t  d y e , o r  
s o m e  o th e r  a lte r n a tiv e . P re lim in a r y  la b o r a to r y  b a s e d  t e s t s  m a y  b e  r e q u ir e d  in  o r d e r  t o  
e n s u r e  th a t th e r e  is  n o  s ig n if ic a n t  in f lu e n c e  o n  p a r tic le  r e m o v a l e f f ic ie n c y  d u e  t o  th e  
la b e llin g  in f lu e n c in g  p a r tic le  p r o p e r t ie s , e s p e c ia l ly  th e  s u r fa c e  c h e m is tr y .
C ore Sam p les
C o r e  sa m p le s  w ill  b e  ta k e n  a fte r  th e  d o s in g  h a s  b e e n  c o m p le te d  in  o r d e r  t o  a s s e s s  th e  
r e m o v a l p e r fo r m a n c e  w ith  d e p th , and  p re fer en tia l p a r tic le  r e te n t io n . T h e  sa m p lin g  
t e c h n iq u e  w ill  in v o lv e  ca r e fu lly  d ig g in g  in to  th e  b e d , in  o r d e r  t o  m in im is e  th e  
d is tu r b a n c e  t o ,  an d  c o n ta m in a tio n  o f ,  th e  m e d ia . B o r e  s a m p le s  w il l  th e n  b e  ta k e n  a t  
k n o w n  d e p th s , i .e .  5 cm , 1 0  c m  an d  3 0  c m  fro m  th e  m e d ia  su r fa c e . T h e s e  s a m p le s  w ill  
th e n  b e  p la c e d  in  s u p p o r t in g  r in g s  fo r  S E M  a n a ly s is . T h e  s a m p le s  w ill  r e q u ir e  f ix in g  
w ith  C T A B  p r io r  t o  S E M  w o r k , w ith  th e  a im  o f  lin k in g  th e  p o ly s a c c h a r id e s  c o a t in g  
th e  sa n d , t o  g iv e  su p p o r t  t o  th e  sa m p le  and  h o ld  th e  sa n d  g r a in s  to g e th e r .
B e t w e e n  c h a n g in g  th e  d o s in g  s o lu t io n  th e  f ilte r  m e d ia  w ill  b e  th o r o u g h ly  w a s h e d , a n d  
s a m p le s  ta k e n  o f  th e  c le a n  f ilte r  u n its . A fte r  e a c h  e x p e r im e n t  th e  p e r fo r m a n c e  o f  t h e  
s y s te m  w ill  b e  a s s e s s e d  a n d  m o d if ic a t io n s  t o  th e  p r o je c t  p lan  m a d e  w h e n  a n d  w h e r e  
c o n s id e r e d  n e c e s s a r y .
P a r t ic le  s iz e  d is tr ib u tio n  d a ta  w ill  b e  d e ter m in e d  f o r  o n e  f ilte r  u n it  u s in g  fo u r  o n - l in e  
la s e r  c o u n te r  s e n s o r s . R e s u lt s  w ill  b e  v a lid a te d  b y  m ic r o s c o p y  a n d  S E M  w o r k , a n d  
su p p le m e n te d  b y  tu r b id ity  and  s u s p e n d e d  s o l id s  d a ta  an d  p o s s ib ly  b y  a  fo u r th  c h e m ic a l  
o r  b io lo g ic a l  m e a su r e m e n t te c h n iq u e  w h ic h  w o u ld  b e  p a r ticu la r  t o  th e  p a r t ic le s  b e in g  
d o s e d /  m e a su r e d .
2.6 Parameters to measure
S a m p le s  w il l  b e  a n a ly se d  fo r  th e  f o l lo w in g  p r o p e r t ie s  o r  u s in g  th e  f o l lo w in g  
te c h n iq u e s :
T u r b id i t y :  an  in d ir e c t  o p t ic a l  m e a su r e m e n t, in d ic a t iv e  o f  p a r tic le  r e m o v a l;  
P a r t i c le  c o u n t s :  a  g r o s s  m e a su r e m e n t  o f  a p p a ren t r e m o v a l ( 2  -  1 0 0  p m ) , th e  
a n a ly s is  t e c h n iq u e  y ie ld s  b o th  p a r tic le  n u m b e r  an d  p a r tic le  v o lu m e  d a ta  
d istr ib u tio n s;
S u s p e n d e d  s o l id s :  a  g r o s s  m e a su r e m e n t  o f  a c tu a l m a s s  r e m o v a l (p a r a lle l  
s a m p le s  o f  u n d r ie d  m e m b ra n e  f ilte r s  c o u ld  a ls o  b e  u s e d  f o r  
m ic r o s c o p y ) ;
M i c r o s c o p y /  S c a t t e r in g  E le c t r o n  M i c r o s c o p e  ( w a t e r  a n d  c o r e  s a m p le s ) :
d e ta ile d  in fo r m a tio n  o n  th e  a c tu a l p a r tic le s  r e ta in e d  w ith in  th e  b e d  b y  
a n a ly s is  o f  c o r e  s a m p le s  an d  p a r tic le s  p e n e tr a t in g  th e  f ilte r  b e d  b y  
a n a ly s is  o f  f ilte r  e f f lu e n t  s a m p le s  ( w e t  sa m p le s );
C h lo r o p h y l l - a :  u s e d  a s  an  in d ic a t io n  o f  a lg a l b io m a s s , id e a lly  th e  phaeophytin 
t e s t  sh o u ld  b e  ca rr ied  o u t , in  o r d e r  t o  d e te r m in e  th e  r a tio  b e t w e e n  
phaeophytin a  a n d  b  ( 4 3 0 : 4 1 0  r a tio )  g iv in g  an  in d ic a t io n  o f  d e g r a d a tio n  
th r o u g h  th e  f ilte r  b e d . T h is  w ill  d e p e n d  o n  th e  sa m p le  v o lu m e s  
a v a ila b le  fo r  a n a lysis;
P a r t i c u la t e  O r g a n ic  C a r b o n  ( P O C ) :  a  g r o s s  m e a su r e m e n t , g iv in g  an  
in d ic a t io n  o f  b io lo g ic a l  a c tiv ity ;
(C h lo r o p h y ll-a  and  P O C  d a ta  in d ic a te  th e  d e g r e e  o f  lo a d in g  o n to  a  f i lte r  b e d ,
i .e . th e  q u a n tity  o f  o r g a n ic  d eb r is  p r e se n t  in  th e  fe e d  w a te r . I t  c a n  h e n c e  b e  
a p p lie d  a s  a  m e a n s  o f  p la n t and  b e d  r e m o v a l p e r fo r m a n c e  a t d if fe r e n t  s t a g e s  
th r o u g h  th e  tr e a tm e n t p r o c e s s . )
A T P  ( A d e n o s in e  T r ip h o s p h a t e ) :  A T P  is  an  e n z y m e  in v o lv e d  in  th e  
p r o d u c t io n  o f  e n e r g y  in  ce llu la r  life  p r o c e s s e s .  I t  is  p r o d u c e d  a s  a  r e s u lt  
o f  c e llu la r  r e sp ir a tio n  and  is  p r e s e n t  in  all l iv in g  o r g a n is m s .  
C o n s e q u e n t ly , it ca n  b e  u s e d  t o  m e a su r e  th e  to ta l  l iv in g  b io m a s s  o f  
n atu ra l m ic r o b ia l p o p u la t io n s . D u r in g  A T P  a n a ly s is , th e  m ic r o o r g a n is m  
c e ll  w a ll  is  b r o k e n  d o w n  b y  th e  a d d it io n  o f  a  c h e m ic a l t o  a l lo w  th e  
r e le a s e  o f  t h e  A T P . T h is  e n su r e s  th a t a ll d o r m a n t o r g a n is m s  w il l  a ls o  
b e  m e a su r e d . T h e  A T P  is  th e n  m ix e d  w ith  F ir e fly  L u c ife r a s e , w h ic h
r e a c ts  w ith  th e  A T P  t o  p r o d u c e  lig h t , o n e  p h o to n  b e in g  p r o d u c e d  fo r
e a c h  m o le c u le  h y d r o ly se d . S in c e  th e  a m o u n t o f  lig h t  p r o d u c e d  is  
p r o p o r t io n a l t o  th e  a m o u n t o f  A T P  p r e se n t , th e  m e a s u r e m e n t  o f  
e m itte d  lig h t u s in g  a  lu m in o m e te r  y ie ld s  th e  a m o u n t o f  A T P . T h e  
r e a c t io n  is  in s ta n ta n e o u s , p r o d u c in g  r e s u lts , m e a su r e d  in  r e la t iv e  lig h t  
u n its  (R L U ) , in  a m a tter  o f  m in u te s , 
c o lo n y  c o u n t s :  a  m e a su r e  o f  s p e c if ic  p a r tic le  r e m o v a l ( e .g .  b a c il lu s , y e a s t )  
d e p e n d e n t  o n  m e d ia  c u ltu r e  u s e d  a n d  e n v ir o n m e n ta l c o n d it io n s  ( N .B .  
c o lo n y  c o u n ts  a re  n o t  p r e c is e  a s s e s s m e n t  o f  b a c te r ia  n u m b e r s , b u t  a re  
g e n e r a lly  a s s u m e d  a c c u r a te  e n o u g h );
D i s s o lv e d  O x y g e n  ( D O ) :  in d ic a t io n  o f  b io lo g ic a l  a c tiv ity . 
p H ,  t e m p e r a t u r e ,  f lo w  r a te :  o p e r a t io n a l a n d  c o n tr o l p a ra m e ters;
S a m p le s  w ill  b e  m e a su r e d  fo r  c h e m ic a l, p h y s ic a l a n d  b io lo g ic a l  p a r a m e te r s  a t d if fe r e n t
s t a g e s  a n d  a t d iffe re n t t im e s  th r o u g h o u t  e a c h  t e s t  p e r io d . S e v e n  d if fe r e n t  d o s in g
s o lu t io n s  w il l  b e  a p p lie d , a s  d e ta ile d  in  s e c t io n  1 .5 . E a c h  s o lu t io n  w ill  b e  d o s e d  in  
th r e e  s ta g e s ,  i .e . a t c le a n  b e d  c o n d it io n s , a fter  o n e  w e e k ’s  r ip e n in g  a n d  a fte r  t w o  
w e e k ’s  r ip e n in g . H e n c e  th e r e  w ill  b e  a  to ta l  o f  2 1  t e s t s  ca rr ied  o u t , o n  t w o  d o s e d  f ilte r  
b e d  u n its  w ith  t w o  c o n tr o l u n its . T h e  to ta l  n u m b er  o f  sa m p le s  l is te d  in  th e  ta b le  b e lo w  
c o n s id e r  th e  2 1  t e s t s  fo r  th e  t w o  f ilte r  u n its , p lu s  t e s t s  a t in le t  a n d  a t a  d e s ig n a te d  s ta g e  
in  th e  f ilte r  b e d , sa y  3 0  c m , fo r  th e  t w o  c o n tr o l u n its  (w ith  th e  s a m e  sa m p lin g  
fr e q u e n c y ) . S c a tte r in g  E le c tr o n  M ic r o s c o p e  (S E M )  s a m p lin g  m a y  b e  a lte r e d  a fte r  
e v a lu a t io n  o f  r e s u lts . A t  p r e se n t  it is  p la n n ed  t o  o n ly  a n a ly se  in le t  c o n tr o l  s a m p le s .
P a r a m e t e r  t o  b e  
m e a s u r e d
F r e q u e n c y  o f  
S a m p l in g
N u m b e r  o f  S a m p le s T o t a l  N o .  
S a m p le s
Test+Control
Turbidity on-line i/1, 30cm NA
Particle Size 
Distribution
on-line i/1, 5cm, 10cm, 30cm 
(Bed 1 only)
NA
Suspended Solids 5 min, 30 min, 1 hr, 3 lu- i/1, 5cm, 10cm, 30cm, o/l 840 + 336
core samples; SEM at end of experiment run 5cm, 10cm, 30cm 
(Bed 1 + Control Bed 1)
63+21 (core)
wet samples: SEM 5 min, 30 min, 1 hr, 3 lu- i/1, 5cm, 10cm, 30cm, o/l 
(Bed 1 + Control Bed 1)
63 + 21 (wet)
Chlorophyll-a 5 min, 30 min, 1 hr, 3 hr i/1, 5cm, 10cm, 30cm 672 + 336
Particulate Organic 
Carbon
5 min, 30 min, 1 hr, 3 hr i/1, 5cm, 10cm, 30cm 672 + 336
ATP 5 min, 30 min, 1 hr, 3 hr i/1, 5cm, 10cm, 30cm, o/l 840 + 336
E-coli 5 min, 30 min, 1 hr, 3 hr i/1, 5cm, 10cm, 30cm, o/l 840 + 336
22° plate counts 5 min, 30 min, 1 hr, 3 hr i/1, 5cm, 10cm, 30cm, o/l 840 + 336
37° plate counts 5 min, 30 min, 1 hr, 3 hr i/1, 5cm, 10cm, 30cm, o/l 840 + 336
Dissolved Oxygen daily i/1, 5cm, 10cm, 30cm, o/l NA
pH daily inlet & outlet NA
Temperature daily supernatant NA
Flow rate daily sample outlets NA
T a b le  2 .1  S a m p lin g  fr e q u e n c y  and  to ta l n u m b e r  o f  s a m p le s  t o  b e  a n a ly se d
T h a m e s  W a te r ’s  O p er a tio n a l S c ie n c e  d iv is io n  h a s  e s ta b lis h e d  g u id e l in e  c r ite r ia  f o r  th e  
q u a lity  o f  tr e a te d  w a te r  b e fo r e  fin a l c h lo r in a t io n  a n d  d is tr ib u tio n  in to  t h e  s u p p ly  
n e tw o r k . S o m e  o f  th e s e  cr iter ia  fo r  p a r tic u la te  q u a lity  are  g iv e n  in  T a b le  2 .2 .  In  
a d d it io n  a  s c o r e  is  g iv e n  fo r  th e  q u a lity  o f  e a c h  s a m p le  t e s te d  fo r  th e  in d iv id u a l cr iter ia . 
T h e s e  s c o r e s  a re  a d d e d  t o  y ie ld  an o v e r a ll q u a lity  s c o r e  fo r  e a c h  sa m p le . T h e  q u a lity  
o f  th e  sa m p le  is  a s s e s s e d  b y  r e fe r e n c e  to  T a b le  2 .3 .
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W ater Quality 
(Score)
Overall Op. Science Criteria for Treated W ater before Chlorination 
Quality Turbidity POC(pg/l) ChVa TPN TPV
  ________
Excellent (1) < 7 .5 <0.1 < 3 0 < 0.10 < 200 < 0.1
Good (2) 7.5-12.5 0.1-0.15 30-50 0.10-0.25 200-400 0.1-0.18
Moderate (3) 12.5-17.5 0.15-0.25 50-75 0.25-0.60 400-600 0.18-0.3
Poor (4) 17.5-22.5 0.25-0.5 75-100 0 .6- 1.00 600- 0.3-0.5
1000
Very Poor (5) > 2 2 .5 > 0 .5 > 100 > 1.00 > 1000 >0.5
T a b le  2 .2  T h a m e s  W a te r  Q u a lity  C riter ia  fo r  T r e a te d  W a te r  b e fo r e  C h lo r in a t io n  
(B r e n n a n , 1 9 9 5 ;  N e w b y  &  C h ip p s , 1 9 9 5 )
T r e a t e d  W a t e r  
Q u a l i t y  D e s c r ip t io n
T o t a l  S c o r e
E x c e l l e n t < 7 . 5
G o o d 7 .5 - 1 2 .5
M o d e r a t e 1 2 .5 - 1 7 .5
P o o r 1 7 .5 - 2 2 .5
V e r y  P o o r > 2 2 . 5
T a b le  2 .3  T h a m e s  W a te r  T r e a te d  W a te r  Q u a lity  S c o r in g  S y s te m  (B a ile y  et a l,  1 9 9 5 )  
2.7 Project plan
T h e  f o l lo w in g  p r o je c t  p la n  c o n s id e r s  th e  s e v e n  d iffer e n t d o s in g  s o lu t io n s . I t  s h o u ld  b e  
n o te d  th a t  e a c h  s o lu t io n  w ill  b e  d o s e d  a t w e e k ly  in te r v a ls  fo r  th r e e  w e e k s ,  h e n c e  th e  
th r e e  d a te s  a p p e a r in g  in  th e  ‘P r o v is io n a l S ta r tin g  D a t e ’ c o lu m n . T h e s e  d a te s  ta k e  in to  
c o n s id e r a t io n  c o u r s e s  a n d  m e e t in g s  th a t h a v e  a lr ea d y  b e e n  t im e ta b le d . N o  
c o n s id e r a t io n  h a s  b e e n  g iv e n  t o  u n fo r e s e e n  c o m p lic a t io n s , o th e r  w o r k  c o m m itm e n ts  o r  
le a v e . T h e  fo l lo w in g  is  a  first p r o p o sa l and  w ill  b e  n e c e s s a r ily  f le x ib le .
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2.8 Equipment Required
P e r is ta lt ic  p u m p s: fo r  p r e c is e  c o n tr o l o f  p a r tic le  d o s in g  rate;
S tirrers  a n d  m o to r s :  t o  e n su r e  p a r tic le s  rem a in  s u s p e n d e d  a n d  e v e n ly  d is tr ib u te d  in  th e  
d o s in g  ta n k  p r io r  t o  d o s in g  in to  th e  f ilte r  u n its ;
P M S  L a s e r  c o u n te r s  w ith  fo u r  se n so r s :  t o  b e  u s e d  o n  o n e  f ilte r  u n it  o n ly ;
P o r ta b le  tu r b id im e te r s , p lu s  o n - l in e  tu rb id im e te r s  fo r  in le t  an d  a t 3 0  c m  fr o m  t h e  m e d ia  
s u r fa c e  o f  e a c h  f i lte r  u n it;
E n d o s c o p e :  p o te n t ia l  in v e s t ig a t io n  in to  in -b e d  f iltr a tio n  m e c h a n is m s  d u r in g  f ilte r  
o p e r a t io n ;
C le a n  san d : S S F  sa n d  c le a n e d  a n d  s ie v e d ;
P a r tic le s :  a s  d is c u s s e d  in  S e c t io n  2 .3 .
2.9 Piant Alterations
S a m p l in g :  S a m p lin g  ta p s  a re  t o  b e  d r illed  in to  th e  s id e s  o f  all fo u r  ta n k s  a t d e p th s  o f  5 
c m , 1 0  c m  a n d  3 0  c m  b e lo w  th e  m e d ia  su r fa ce . T h e  sa m p lin g  p ip e  f a c e  a r e a  w ith in  th e  
b e d  m e d ia  a n d  th e  sa m p lin g  f lo w  ra te  h a v e  b e e n  c a r e fu lly  d e s ig n e d  in  o r d e r  t o  
m in im ise  th e  d is tu r b a n c e  o f  th e  f lo w  p a tter n  w ith in  th e  f ilte r  b ed .
M a n o m e t e r s :  m a n o m e te r  ta p p in g s  w ill  b e  m a d e  a t th e  sa m e  d e p th s  a s  th e  s a m p lin g  
t a p s  in  o r d e r  t o  m o n ito r  h ea d  lo s s  d e v e lo p m e n t  th r o u g h  th e  b e d s .
T u r b id im e t e r s :  O n - lin e  tu r b id im e te r s  w ill  b e  c o n n e c te d  a t th e  in le t  a n d  a t  a  d e p th  o f  
3 0  c m  fr o m  th e  m e d ia  su r fa c e  o f  e a c h  filte r  u n it, in  o r d e r  t o  a l lo w  d if fe r e n c e s  b e t w e e n  
f ilte r  b e d  p e r fo r m a n c e s  t o  b e  m o n ito r e d . T h e y  w ill  a ls o  a c t  a s  a  c o n t in u e s  c o n tr o l  
m e a s u r e  b y  in d ic a t in g  v a r ia t io n s  in  r a w  w a te r  q u a lity . O n - lin e  tu r b id ity  m e a s u r e m e n ts  
w ill  n o t  b e  ca rr ied  o u t  a t all sa m p lin g  p o in ts  w ith in  th e  b e d  d u e  t o  th e  l im ite d  f lo w  
a v a ila b le  a n d  r e s u lt in g  d is tu r b a n c e  o f  f lo w  p a tter n  w ith in  th e  f ilte r  b e d . S a m p le s  fr o m  
th e  s a m p lin g  p o in ts  w il l  in s te a d  b e  a n a ly se d  u s in g  a  p o r ta b le  tu rb id im e te r . S a m p le s  a t  
th e  in le t  a n d  a t a  d e p th  o f  3 0  c m  w ill  a ls o  b e  a n a ly se d  u s in g  th e  p o r ta b le  tu r b id im e te r  
in  o r d e r  t o  p r o v id e  c o m p a r a b le  d ata .
P a r t i c le  C o u n t s :  D u e  t o  lim ita t io n s  in  a v a ila b le  p a r tic le  c o u n te r s  th e  s a m p lin g  p o in ts  
w ill  b e  r e s tr ic te d  t o  o n e  f ilte r  u n it. P a r tic le  s iz e  d is tr ib u tio n  (p s d )  d a ta  w il l  b e  c o l le c t e d  
at fo u r  p o in ts  w ith in  th e  filte r  u n it , i .e . at in le t , 5 c m  b e lo w  th e  f ilte r  m e d ia  su r fa c e , 1 0  
c m  b e lo w  th e  f ilte r  m e d ia  su r fa c e  and  3 0  c m  b e lo w  th e  f ilte r  m e d ia  su r fa c e . T h e  p s d  
d a ta  w ill  th e n  b e  c o m p a r e d  t o  r e s u lts  o b ta in e d  fro m  th e  a n a ly s is  o f  s a m p le s  c o l le c t e d  
fr o m  th e  sa m p lin g  p o in ts  (a t  e q u iv a le n t  d e p th s  th r o u g h  th e  b e d ) .
2.10 Future Experiments
I f  t im e  is  a v a ila b le , fu tu r e  e x p e r im e n ts  m a y  b e  ca rr ied  o u t  in  o r d e r  t o  a s s e s s :
•  f ilte r  r e m o v a l e f f ic ie n c y  o f  C r y p to sp o r id iu m  sp o r e s ;
•  d e ta ile d  a s s e s s m e n t  o f  th e  r ip en in g  p e r io d  o f  a  s lo w  sa n d  f ilte r  b ed ;
•  a s s e s s m e n t  o f  th e  in f lu e n c e  o f  f lo w  ra te  o n  p r e fer e n tia l p a r tic u la te  r e m o v a l;
•  a s s e s s m e n t  o f  th e  in f lu e n c e  o f  m e d ia  s iz e  o n  f ilte r  p e r fo r m a n c e  ( c o m p a r is o n  
b e tw e e n  s lo w  sa n d  m e d ia  and  rap id  filte r  m e d ia ) .
T h e  a b o v e  e x p e r im e n ts  m a y  b e  run o n  b o th  f ilte r  u n its  to g e th e r , o r  a lte r n a tiv e ly ,  
a lte r in g  o n e  o f  th e  c o n tr o l v a r ia b le s  ( i .e .  d o s in g  s o lu t io n  c o m p o s it io n , sa n d  m e d ia  s iz e ,  
f lo w  r a te )  in  o r d e r  t o  d ir e c tly  c o m p a r e  th e  r e s u lts . T h e  r e s u lts  o b ta in e d  fr o m  th e
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K e m p to n  f ilte r  b e d s  m a y  a ls o  b e  c o m p a r e d  t o  w o r k  ca rr ied  o u t  o n  th e  g r a v e l p r e f ilte r s
a n d / o r  fa b r ic  e n h a n c e d  f ilte r s  a t S h a lfo r d  p ilo t  p la n t (C E H E , U n iv e r s ity  o f  S u r r ey ).
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1. Summary
T h is  r e p o r t  w i l l  d is c u s s  th e  m e t h o d o lo g ie s  e m p lo y e d  fo r  th e  r e s e a r c h  p r o je c t  p r o p o s e d  in  
th e  p r e v io u s  s ix  m o n th ly  r e p o r t  (E v a n s  H .L ., B r u n e i/S u r r e y  E n g in e e r in g  D o c t o r a l  
P r o g r a m m e , 3^^ Y e a r  R e p o r t  -  A d v a n c e d  M u lt is ta g e  F iltr a tio n , O c to b e r  1 9 9 5  to  M a r c h  
1 9 9 6 ) .  S a m p lin g  p r o c e d u r e s  and  th e  p r o b le m s  o r  in a c c u r a c ie s  in v o lv e d ,  o n - l in e  
m e a s u r e m e n t  e q u ip m e n t  an d  la b o ra to ry  s a m p le  a n a ly s is  m e th o d s  w i l l  b e  d is c u s s e d .
2. Pilot Plant Methodology
2,1 Bed and Sample Flows
T h e  f lo w  th r o u g h  th e  s a m p le  ta p s  w a s  c o n tr o lle d  b y  t w o  v a lv e s , g iv in g  c o a r s e  a n d  f in e  
a d ju stm e n t. A  1" d ia m e te r  b a ll v a lv e  w a s  c o n n e c te d  in  th e  sa m p le  l in e  a n d  u s e d  fo r  c o u r s e  
f lo w  a d ju stm e n ts . R u b b e r  b u n g s  w e r e  f it te d  to  th e  o u t le t  o f  th e  b a ll v a lv e s ,  in  w h ic h  h o le s  
h a d  b e e n  d r illed  a n d  tu b in g  in se r te d . T h e  f lo w  th r o u g h  th e  tu b in g  w a s  c o n tr o l le d  b y  
b u tte r f ly  v a lv e s ,  g iv in g  f in e  f lo w  co n tr o l.
T h e  tu b in g  r e d u c e d  th e  p o s s ib i l i ty  o f  c r o s s - s a m p le  c o n ta m in a tio n  s in c e  th e  e n d  o f  th e  
tu b in g  c o u ld  b e  p la c e d  in  th e  m o u th  o f  th e  sa m p lin g  c o n ta in e r , p r e v e n t in g  s p la s h in g .  
S in c e  is o m e tr ic  s a m p le s  w e r e  b e in g  ta k en , w ith  th e  a im  o f  m in im is in g  th e  in f lu e n c e  o f  
c h a n g e s  in  b e d  f lo w  r a te s , th e  t im e  to  c o l le c t  s a m p le s  c o u ld  n o t  b e  a d ju s te d .  
C o n s e q u e n t ly ,  th e  t im e  to  c o l le c t  a ll s a m p le s  fo r  e a c h  sa m p lin g  p e r io d  w a s  a p p r o x im a te ly  
5 5  m in u te s  (A p p e n d ix  I ) . H e n c e , it  w a s  im p o r ta n t to  r e d u c e  s a m p le  l o s s  in  o r d e r  to  
m in im is e  s a m p lin g  t im e . C a r e  w a s  ta k e n  to  e n su r e  th a t th e  e n d  o f  th e  tu b in g  w a s  n e v e r  
r e s t in g  in  th e  s a m p le  it s e lf . T h e  b u tte r fly  v a lv e s  w e r e  fa s te n e d  a t a b o u t  2 c m  fr o m  th e  e n d  
o f  th e  tu b in g  a n d  r e s te d  o n  th e  sa m p lin g  b o tt le  lip , p r e v e n tin g  p o s s ib le  c o n ta m in a t io n  o f  
la te r  s a m p le s  (F ig u r e  1 .2 ) .
Ball valve
/
mm
Rubber bung 
Butterfly clip
Xiiiilii/
Sample
bottle
F ig u r e  1 .2  I so m e tr ic  S a m p lin g  a n d  F lo w  C o n tr o l
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A  b e d  f lo w  r a te  o f  O .Tm ^/m ^ hr w a s  m a in ta in ed . S a m p le  f l o w  r a te s  w e r e  m a in ta in e d  a t  
a p p r o x im a te ly  7 3 m l/m in  a n d  c h e c k e d  tw ic e  a  w e e k . F lo w  c a lc u la t io n s  are  g iv e n  b e lo w :
A r e a  o f  e a c h  p i lo t  b e d  =  0 .5 9 m  x  0 .8 9 m  =  0 .5 3 m ^
V e lo c i t y  th r o u g h  b e d  =  0 .7  m ^ /m ^hr
B e d  f l o w  ra te  =  0 .7  m ^ /m ^ h r x  0 .5 3 m ^  =  0 .3 7 m ^ /h r  ( 6 . 1 3 1 /m in )
E x te r n a l d ia m e te r  o f  r e d u c e r  =  8 9 m m
S u r fa c e  a r ea  o f  r e d u c e r  =  6 2 2 Im m ^  =  6 .2 2  x  1 0  '^m ^
F lo w  th r o u g h  r e d u c e r  =  0 .7  mVm^hr x  6 .2 2  x  1 0  '^m ^
=  4 .3 5  X 1 0 -3 m 3 /h r  ( 0 . 0 7 3 1 /m in )
F lo w  r a te s  th r o u g h  th e  b e d  a t e a c h  s a m p le  p o in t  are g iv e n  in  T a b le  2 .1 .
S a m p le
ta p p in g
F lo w  ra te s  (1/m in) 
B e d s  B , C  &  D
F lo w  r a te s  (1/m in) 
B e d  A
Supernatant 6.13 +  0.25(TUR) +  0 .07(So) = 
6.45
6.13 +  0.25('i™ ) + 0 .07(80) + 0.07(P8D) = 
6.52
50 mm 6.13 6.13
100 mm 6 .1 3 - 0 .0 7 ( 8 5 0 )  =
6.06
6 .1 3 -0 .0 7 (8 5 0 ). o .0 7 (P 8D ) =
5.99
300 mm 6.06 - 0.07(8100) = 
5.99
5.99 - 0.07 (8100). o .0 7 (P 8D ) =
5.85
o utlet 5.99 - 0.07(8300) -0 .2 5 ( 3 ™ )  =  
5.67
5.85 - 0.07 (8300) _ 0 .25 (1™ ) - 0.07(P8D) =  
5.46
T a b le  2 .1
(T U R ):  T u r b id ity  s a m p le  f lo w  
(P S D ):  P a r t ic le  c o u n te r  s a m p le  f lo w  
(SO): S am p le  f lo w  at 5 0  m m  depth  b e lo w  sand surface  
(S 5 0 ): S a m p le  f lo w  at 5 0  m m  depth  b e lo w  sand surface  
( S I 0 0 ): S a m p le  f lo w  at 100  m m  depth b e lo w  sand surface  
(S 3 0 0 ): S am p le  f lo w  at 3 0 0  m m  depth b e lo w  sand surface
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Problems
•  I t  c a n  b e  s e e n  fr o m  T a b le  2 .1  th at th e  f lo w  r a te s  th r o u g h  B e d  A  w e r e  d if fe r e n t  to  
t h o s e  th r o u g h  th e  o th e r  th r e e  b e d s . D iffe r e n t  b e d  c o n d it io n s  m a y  r e s u lt  in  d if fe r e n t  
r e m o v a l  p e r fo r m a n c e s . H o w e v e r , th e  d if fe r e n c e  in  f lo w  r a te s  w a s  s m a ll  a n d  th o u g h t  
to  b e  in s ig n if ic a n t .
•  M e a s u r e m e n ts  o f  s a m p le  ta p p in g  f lo w  r a te s  s h o w e d  s lig h t  c h a n g e s  w ith  t im e , a n d  
h e n c e  h a d  to  b e  a d ju sted  p r io r  to  d o s in g . T h e  in f lu e n c e  o f  s u c h  c h a n g e s  in  f lo w  
r a te s  w a s  th o u g h t  to  b e  in s ig n if ic a n t .
•  A f t e r  f it t in g  th e  sa m p le  ta p p in g s  w ith  ru b b er b u n g s  and  tu b in g  w ith  b u tte r f ly  v a lv e s ,  
c o n tr o l l in g  th e  f lo w  r a te s  th r o u g h  th e  ta p p in g s  w a s  m u c h  e a s ie r . In  a d d it io n , b e fo r e  
th e  b u n g s  a n d  tu b in g  w e r e  f it te d , th e  sa m p le  f lo w  w a s  a llo w e d  to  fa ll  in to  th e  w a s t e  
ta n k  fr o m  h e ig h ts  ra n g in g  fr o m  b e tw e e n  1 0 0 0 m m  to  3 0 0 m m . A fte r  in s ta llin g  th e  
tu b in g  th e  l ik e l ih o o d  o f  c r o s s - s a m p le  c o n ta m in a tio n  th r o u g h  s a m p le  s p la s h in g  w a s  
m in im a l.
2.2 Isometric Sampling
T h e  in -b e d  s tr u c tu r e  o f  a ll sa m p le  p o in ts  w a s  d e s ig n e d  to  a llo w  is o m e tr ic  s a m p lin g  (F ig u r e
1 .2 ) .  R e d u c e r s  o f  a p p r o x im a te  e x te r n a l d ia m eter  8 9 m m , r e d u c in g  to  a p p r o x im a te ly  
3 4 m m , w e r e  c o n n e c te d  to  th e  in -b e d  e n d  o f  th e  sa m p lin g  lin e . A s  a  r e s u lt  o f  in c r e a s in g  
th e  c r o s s - s e c t io n a l  sa m p lin g  a rea , th e  sa m p lin g  f lo w  c o u ld  b e  m a in ta in e d  a t a p p r o x im a te ly  
7 3 m l/m in , w ith o u t  s ig r ü fic a n tly  a lte r in g  th e  f lo w  p r o file  w ith in  th e  b e d . T h e  t o p  o f  th e  
r e d u c e r s  w e r e  c o v e r e d  w ith  a  n y lo n , p a in te r s  g a u z e  (a p p r o x im a te  p o r e  s iz e  0 .0 0 5 m m ) ,  
r e q u ir e d  to  s u p p o r t  th e  sa n d  m e d ia .
Problems
•  I t  w a s  im p o s s ib le  to  e n su r e  th a t th e  f lo w  th r o u g h  th e  sa m p le  ta p p in g s  w a s  e x a c t ly  
th e  s a m e  a s  th e  f lo w  ra te  th r o u g h  th e  b e d . H e n c e , is o m e tr ic  f lo w  c o u ld  n o t  b e  
a s su r e d . T h is  m a y  h a v e  r e su lte d  in  s lig h t  in a c c u r a c ie s  in  r e s u lts . T h e s e  in a c c u r a c ie s  
w e r e  b e l ie v e d  to  b e  in s ig n if ic a n t .
•  B io f i lm s  m a y  p r e fe r e n t ia lly  fo r m  o n  h y d r o p h o b ic  s u r fa c e s . A s  a  c o n s e q u e n c e ,  
in c r e a s e d  b io f ilm  fo r m a tio n  m a y  fo r m  o n  th e  su r fa c e  o f  th e  s u p p o r t in g , h y d r o p h o b ic  
g a u z e . T h e  r e su lt in g  in c r e a se d  in  b io film  a c t iv ity  m a y  s ig n if ic a n t ly  e n h a n c e  
s u s p e n d e d  p a r tic le  r e m o v a l a n d / o r  tre a tm e n t. F u rth er  in v e s t ig a t io n s  n e e d  t o  b e  
c a r r ie d  o u t  in  o rd er  to  d e te r m in e  th e  in f lu e n c e  o f  th e  g a u z e  o n  s a m p le  p r o p e r t ie s .
2.3 Dosing rate calculations for Bacillus slobisii (var, niger) spores
In it ia l c a lc u la t io n s  w e r e  ca rr ied  o u t  to  e s t im a te  a  su ita b le  d o s in g  r a te  fo r  th e  Bacillus 
globigii s p o r e s .  T h e  r e s u lts  fr o m  th e  first tria l g a v e  e x tr e m e ly  h ig h  c o n c e n tr a t io n s  o f  
Bacillus r e s u lt in g  in  h ig h  d ilu tio n  r a te s  b e in g  req u ired  fo r  s a m p le  e n u m e r a t io n . H e n c e  th e  
d o s in g  r a te  w a s  r e d u c e d  to  a  v o lu m e  o f  a p p r o x im a te ly  2 .5 m l  p e r  b e d , to  b e  d o s e d  o v e r  a  
f i v e  h o u r  p e r io d .
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2.3.1 Outlet BIOTRACE concentration
A r e a  o f  e a c h  p i lo t  b e d  =  0 .5 9 m  x  0 .8 9 m  =  0 .5 3 m ^
A r e a  o f  r e d u c e r  =  6 2 2 Im m ^  =  6 .2 2  x  1 0  ’ ^m^
1 litr e  o f  BIOTRACE «  5  X 10^3 s p o r e s  
A s s u m in g  d o s in g  2 .5 m l  o f  BIOTRACE p e r  ta n k  o v e r  f i v e  h o u r  p e r io d  
N o . o f  s p o r e s  d o s in g  b e d  =  ( 2 .5 m l /  1 0 0 0 m l)  x  5  x  10^^ s p o r e s  /  5 h r
=  2 .5  X lO^O s p o r e s /h r  
N o . o f  s p o r e s  d o s in g  1 m ^  b e d  =  2 .5  x  lO^O /  0 .5 3 m ^
=  4 .7 2  X lO^O sp o r e s /m ^ h r  
N o . o f  s p o r e s  fr o m  s a m p lin g  tap =  4 .7 2  x  1 0 ^® x  6 .2 2  x  1 0  “^m^
=  2 .9 4  X 10^ s p o r e s /h r
A  lo g  r e d u c t io n  o f  b e tw e e n  t w o  to  fo u r  w a s  a s s u m e d  th r o u g h  th e  b e d , b a s e d  o n  
Cryptosporidium o o c y s t  r e m o v a ls  d e ter m in e d  b y  F r ick er  et a l  ???. H o w e v e r ,  m u c h  lo w e r  
r e m o v a l  r a te s  o f  th e  Bacillus s p o r e s  w e r e  r e c o r d e d , p o s s ib ly  d u e  to  th e  la r g e r  s i z e  o f  
Cryptosporidium o o c y s t s  (a p p r o x im a te ly  4  to  6  m m  c o m p a r e d  to  0 .8  x  ( 1 .5  - 1 .8 )  m m  fo r  
Bacillus globigii s p o r e s )  a n d  a ls o  th e  c le a n  n atu re  o f  th e  f i l t e r  b ed .
2.3.2 Suspension Dosing Rate
A  s u s p e n s io n  o f  5 m l o f  BIOTRACE w a s  m a d e  u p  to  4 0  litr e s  w ith  s u p p ly  w a te r . T h e  
r e q u ir e d  f l o w  ra te  w a s  d e te r m in e d  to  be:
F lo w  ra te  r e q u ir e d  =  4 0  l it r e s /  5 h r  =  1 3 3 m l/m in  fo r  tw o  ta n k s
i .e .  6 6 .7 m l/m in  p er  tan k .
2.3.3 Supernatant Dosage
D u r in g  th e  fir s t  tr ia l th e  su p e r n a ta n ts  w e r e  d o s e d  w ith  a  m e a su r e d  v o lu m e  o f  BIOTRACE 
im m e d ia te ly  b e fo r e  d o s in g  o f  th e  BIOTRACE su s p e n s io n  c o m m e n c e d . T h is  w a s  d e e m e d  
n e c e s s a r y  in  o r d e r  to  e n su r e  th a t th e  r e c o r d e d  s ta r tin g  t im e  o f  d o s in g  w a s  th e  t im e  a t 
w h ic h  th e  Bacillus s p o r e s  w e r e  first d o s e d  o n to  th e  b e d s . H o w e v e r ,  d u e  to  th e  r e d u c e d  
v o lu m e  o f  BIOTRACE d o s e d  in  s u b se q u e n t  tr ia ls , it  w a s  n o t  p o s s ib le  to  a c c u r a te ly  m e a s u r e  
th e  v o lu m e  o f  Bacillus s p o r e s  req u ired . A s  a  r e su lt , th e  r e c o r d e d  t im e  o f  d o s in g  fo r  
s u b s e q u e n t  tr ia ls  w a s  th e  t im e  a t w h ic h  th e  su s p e n s io n  o f  BIOTRACE w a s  f ir s t  d o s e d  in to  
th e  s u p e r n a ta n ts , w ith  n o  p r e -d o s in g  o f  th e  su p ern a ta n t b e in g  c a rr ied  o u t.
2,4 Bacillus Dosins
T h e  c o n c e n tr a t io n  o f  BIOTRACE d o s e d  o n to  th e  b e d s  w a s  r e d u c e d  d u e  to  d if f ic u lt ie s  in  
e n u m e r a tin g  h ig h ly  c o n c e n tr a te d  sa m p le s . T h e  d o s in g  ra te  fr o m  th e  f ir s t w e e k  o f  th e  tr ia l 
w a s  fo u n d  to  b e  t o o  c o n c e n tr a te d  and  h e n c e  th e  d o s a g e  ra te  w a s  r e d u c e d  b y  a  fa c t o r  o f  
1 0 0  to  4 .7 2  X 10^ 0 sp o r es /m ^ h r . E v e n  a fter  r e d u c in g  th e  d o s a g e  r a te , d i lu t io n s  u p  to  
1 0 0 0 0 0 :1  h a d  to  b e  ca rr ied  o u t . In c r e a s in g  th e  d ilu tio n  ra te  m a y  h a v e  c o m p r o m is e d  
r e s u lts , d u e  to  in a c c u r a c ie s  o c c u r r in g  d u rin g  th e  d ilu t io n  p r o c e s s .  H o w e v e r ,  it  w a s
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d e c id e d  th a t th e  d o s in g  ra te  sh o u ld  n o t  b e  r e d u c e d  fu rth er , u n le s s  fu tu r e  e x p e r im e n ts  
s u g g e s t  o th e r w is e .
2.5 Bacillus Germination Control
T h e  f ir s t  e x p e r im e n ta l tr ia ls  in v e s t ig a te d  th e  r e m o v a l o f  Bacillus globigii s p o r e s  th r o u g h  
th e  f ilte r  b e d s . S c a n n in g  e le c tr o n  m ic r o s c o p y  w a s  ca rr ied  o u t  in  o r d e r  to  v ie w  th e  
o r g a n is m s  p a s s in g  th r o u g h  th e  b e d  a n d  re ta in ed  o n  th e  f ilte r  m e d ia . H o w e v e r ,  it  w a s  n o t  
k n o w n  w h e th e r  th e  r e ta in ed  s p o r e s  w o u ld  g er m in a te  w ith in  th e  b ed . In  o r d e r  to  m o n ito r  
w h e th e r  g e r m in a tio n  w a s  o c c u r r in g  w ith in  th e  b ed  a  c o n tr o l  w a s  s e t  u p . T h is  w a s  
c o m p o s e d  o f  t w o  o n e - litr e , a u to c la v e d  g la s s  b o tt le s , in  w h ic h  s u s p e n s io n s  o f  Bacillus 
s p o r e s  w e r e  p la c e d . T w o  g la s s  tu b e s  w e r e  in se r te d  th r o u g h  th e  to p  o f  th e  b o t t le s ,  o n e  
tu b e  e x te n d e d  in to  th e  s u s p e n s io n  w ith  th e  e n d  e x te r n a l o f  th e  b o t t le  b e in g  c o n n e c t e d  to  a  
5 m l g la s s  s a m p le  b o tt le . T h e  5 m l b o tt le  h ad  a  s e c o n d  c o n n e c t io n  to  a  tu b e  th r o u g h  w h ic h  
th e  a ir  c o u ld  b e  d r a w n  in  o r d e r  to  fo r m  a  v a c u u m  w ith in  th e  c o n tr o l  b o t t le ,  r e s u lt in g  in  a  
s a m p le  o f  th e  s u s p e n s io n  b e in g  d ra w n  in to  th e  5 m l b o tt le . T h e  s e c o n d  g la s s  tu b e  w a s  
c o n n e c t e d  to  a n  air f ilter , w h ic h  a llo w e d  air p a s s a g e  in to  th e  c o n tr o l  b o t t le  w h ils t  
m in im iz in g  th e  r isk  fr o m  a irb o rn e  c o n ta m in a tio n . T h e  c o n tr o l  c o n f ig u r a t io n  is  s h o w n  in  
F ig u r e  2 .2 .
Air filtei
vacuum
5ml sample 
bottle
F ig u r e  2 .2  Bacillus Globigii G e r m in a tio n  C o n tr o l
Problems
•  S E M  a n a ly s is  fo u n d  n o  e v id e n c e  th a t g e r m in a tio n  h ad  o c c u r r e d  w ith in  e ith e r  c o n tr o l  
b o t t le . T h is  m a y  in d ic a te  th a t in s ig n if ic a n t g e r m in a tio n  t o o k  p la c e  w ith in  th e  b e d . 
H o w e v e r ,  it  is  p o s s ib le  th at th e  Bacillus s p o r e s  n e e d  to  a tta c h  to  m e d ia  b e fo r e  th e y  
w ill  g e r m in a te . In  a d d it io n , th e  f lo w  c o n d it io n s  w ith in  th e  f ilte r  b e d  r e s u lt s  in  a  
c o n t in u e s  s u p p ly  o f  n e w  fo o d  s o u r c e s . S u c h  d if fe r e n c e s  b e t w e e n  th e  c o n tr o l  a n d  
b e d  c o n d it io n s  m a y  r e su lt  in  g e r m in a tio n  o c c u r r in g  w ith in  th e  f ilte r  b e d  w h e n  n o n e  
w a s  o b s e r v e d  in  th e  c o n tr o l  u n its . H o w e v e r , in itia l a n a ly s is  o f  c o r e  s a m p le s  ta k e n  
fr o m  th e  f ilte r  b e d s  u s in g  sc a n n in g  e le c tr o n  m ic r o s c o p y  d id  n o t  fin d  a n y  g e r m in a te d  
s p o r e s . F u rth er  a n a ly s is  is  req u ired  to  c o n fir m  th e s e  r e su lts .
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•  T h e  u s e  o f  la b o r a to r y  g r o w n  o r g a n is m s  a ls o  h a s  im p lic a t io n s  o n  th e  in te r p r e ta t io n  o f  
r e s u lts . I t  h a s  b e e n  s h o w n  th a t th e  c o n d it io n s  su rro u n d in g  o r g a n is m s , e .g .  w h e th e r  
a n  o r g a n is m  is  in  a  liq u id  p h a se  o r  a tta c h e d  to  a  s u r fa c e , m a y  s ig n if ic a n t ly  a f fe c t  
th e ir  p h y s ic o -c h e m ic a l  c h a r a c te r is t ic s , su c h  a s  th e  p r e fe r e n tia l a c t iv a t io n  a n d  
d e a c t iv a t io n  o f  b a c te r ia  g e n e s  a n d  th e  d e v e lo p m e n t  o f  c e l l  w a lls . H e n c e ,  th e  
c h a r a c te r is t ic s  o f  la b o r a to r y  p rep a red  o r g a n is m s  w il l  b e  d if fe r e n t  to  t h o s e  g r o w in g  in  
a  n a tu r a l e n v ir o n m e n t , w h e r e  m u lt i- s p e c ie s  o f  o r g a n is m s  e x is t  (M a r s h a ll et a l  1 9 9 4 ;  
P e tr u s e v s k i  et a l  1 9 9 3 ;  C o u g h la n  et al 1 9 9 6 ) .
3. On-line Measurement
3.1 Particle Counters
F o u r  p a r t ic le  s e n s o r s  w e r e  c o n n e c te d  o n - lin e  to  ta n k  A , to  m e a su r e  p a r t ic le  r e m o v a l  a t  
in le t , 5 0 m m  b e lo w  th e  sa n d  su r fa c e , 1 0 0  m m  b e lo w  th e  sa n d  s u r fa c e  a n d  3 0 0 m m  b e lo w  
th e  sa n d  s u r fa c e . A U  s e n s o r s  w e r e  recaU b rated  b y  th e  su p p U er b e fo r e  b e in g  in sta U ed . T h e  
p a r tic le  s e n s o r s  w e r e  su p p U ed  b y  P a r tic le  M e a s u r in g  S y s te m s  I n c . ( P M S ) ,  a n d  w e r e  
L iQ u iIa z  m o d e l  E 2 0  E x t in c t io n  S e n s o r . P a r tic le  s iz e  r a n g e s  w e r e  m e a s u r e d  th r o u g h  th e  
l ig h t  o b s c u r a t io n  o f  a  la s e r  b e a m .
F o r  a c c u r a te  p a r tic le  m e a su r e m e n t , th e  f lo w  th r o u g h  th e  s e n s o r s  s h o u ld  b e  s e t  a t 
7 0 m l/m in u te . T h e  m a n u a l s u g g e s t s  th a t th e  p a r tic le  c o u n te r s  s h o u ld  b e  s itu a te d  s u c h  th a t  
s u f f ic ie n t  h e a d  ( o n e  m e te r )  is  a v a ila b le  to  su p p ly  th e  req u ired  f lo w  ra te . D u e  t o  th e  la y o u t  
o f  th e  p U ot p la n t u n d e r  d is c u s s io n  s u c h  h e a d s  w e r e  n o t  p o s s ib le . A v a U a b le  h e a d  w a s  
m a x im is e d , a n d  r a n g e d  b e tw e e n  7 0 0 m m  fo r  th e  in le t  sam p U n g  p o in t  a n d  3 0 m m  fo r  th e  
sa m p lin g  p o in t  3 0 0 m m  b e lo w  th e  sa n d  su r fa c e . H e n c e  a d ju sta b le  p u m p s  w e r e  r e q u ir e d  to  
a c h ie v e  th e  o p t im a l f lo w  ra te  o f  7 0 m l/m in u te  (F lu id  M e te r in g  In c . L a b o r a to r y  p u m p  m o d e l  
Q D , a ls o  s u p p lie d  b y  P M S ) .
Problems
•  P r o b le m s  o c c u r r e d  w ith  th e  p u m p s  c o n tr o ll in g  th e  f lo w  ra te . T w o  o f  th e  p u m p s  
(m e a su r in g  in le t  a n d  3 0 0 m m  sa m p lin g  p o in ts )  w e r e  n o t  r e h a b le , th e  p r o b le m  w a s  
fo u n d  to  b e  d u e  to  w o r n  o u t  g la n d  v a lv e s . H o w e v e r , e v e n  a fte r  r e p la c in g  th e  v a lv e s ,  
p r o b le m s  r e g a r d in g  v a c u u m  g e n e r a t io n  p e r s is te d . I t  is  n o w  b e l ie v e d  th a t th e  h e a d  o f  
th e  p u m p s  m a y  h a v e  w o r n . C o n s e q u e n t ly , th e  r e s u lts  fro m  in it ia l tr ia ls  s h o u ld  n o t  b e  
c o n s id e r e d  to  b e  r e lia b le .
3.2 Turbidimeters
T u r b id im e te r s  w e r e  c o n n e c te d  o n - lin e  to  e a c h  tan k  in le t  a n d  a t  e a c h  s a m p lin g  p o in t  
3 0 0 m m  b e lo w  th e  sa n d  su r fa c e . H A C H , m o d e l  1 7 2 0 C  tu r b id im e te r s  w e r e  u s e d . T h e s e  
w e r e  c a lib r a te d  b e fo r e  th e  tr ia l c o m m e n c e d  and  rec a lib ra ted  a  m in im u m  o f  e v e r y  fo u r  
m o n th s . T h e  tu rb id im e te r s  a c c u r a c y  is  ±  2%  fo r  r e a d in g s  b e tw e e n  0  to  3 0 N T U .  F lo w s  
th r o u g h  th e  tu r b id im e te r s  w e r e  m a in ta in ed  b e tw e e n  2 5 0  to  7 5 0 m l/m in u te , a s  
r e c o m m e n d e d  b y  th e  su p p lie r s . G e n e r a lly  th e  f lo w s  w e r e  s e t  a t a p p r o x im a te ly  
3 0 0 m l/m in u te , a lth o u g h  th ere  w e r e  s l ig h t  v a r ia tio n s  b e tw e e n  tu r b id im e te r s .
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Problems
•  T h e  in f lu e n c e  o f  d iffé r e n t f lo w  ra te s  th r o u g h  th e  tu r b id im eter s  w a s  th o u g h t  to  b e  
n e g lig ib le . T h e  f lo w s  w e r e  c h e c k e d  o n c e  a  w e e k ,  p r io r  to  d o s in g . F lo w  r a te s  w e r e  
n o t  fo u n d  to  c h a n g e  g r e a tly , e x c e p t  fo r  th e  3 0 0 m m  ta p p in g  fr o m  ta n k  B . T h is  
ta p p in g  w a s  n e x t  to  an  a c c e s s  r o u te  to  th e  p ilo t  p la n t, c h a n g e s  in  f lo w  o c c u r r e d  d u e  
to  th e  c o n tr o l  v a lv e  b e in g  k n o c k e d . T h is  w a s  la te r  p r e v e n te d .
•  T h e  tu r b id im e te r  m e a su r e m e n ts  r e c o r d e r  b y  th e  c o n tr o l  u n it w e r e  s l ig h t ly  d if fe r e n t  
to  t h o s e  r e c o r d e d  b y  th e  c o m p u te r . T h is  w a s  d u e  to  s ig n a l lo s s  th r o u g h  th e  c a b le s .  
S u c h  s ig n a l  lo s s  w a s  c o m p e n s a te d  fo r , b u t n o t  u n til  a fte r  th e  c o m p le t io n  o f  th e  f ir s t  
tr ia l.
3.3 Grant Loggers
G r a n t L o g g e r s  w e r e  u s e d  to  c o n tin u a lly  m e a su r e  th e  te m p e r a tu r e . D is s o lv e d  O x y g e n  
( D O )  a n d  p H  o f  ta n k s  A  an d  D . C a lib ra tio n  o f  th e  p H  p r o b e  t o o k  p la c e  e v e r y  th r e e  
w e e k s ,  a s  r e c o m m e n d e d  in  th e  m a n u a l, w h ils t  th e  D O  p r o b e  w a s  g e n e r a lly  c a lib r a te d  
e v e r y  o th e r  d a y . T h e  r a n g e , r e s o lu t io n  and  a c c u r a c y  o f  th e  t w o  p r o b e s  a re  g iv e n  in  
T a b le  3 .1  b e lo w .
p H D O  m g /L  (%  lo c a l  a ir  sa tu r a t io n )
R a n g e 0  to  1 4  p H 0  to  2 0 m g /L  ( 0  to  2 0 0 %  s a t .)
R e s o lu t io n 0 .0 1  p H lO p g /L  (0 .1 %  s a t .)
A c c u r a c y ± 0 . 0 4  p H * ±  0 .0 3 m g /L  ( ±  0 .2 %  s a t .)
T a b le  3 .1  p H  a n d  D O  P r o b e  C h a r a c te r is t ic s  
* w h e n  c a lib r a te d  w ith  th e  r e c o m m e n d e d  Y S I  b u ffe r  s o lu t io n s .
4. Laboratory Analysis
4.1 Scanning Electron Microscopy
In  s c a n n in g  e le c tr o n  m ic r o s c o p y  (S E M ) a  f in e ly  fo c u s e d  b e a m  o f  p r im a ry  e le c tr o n s  is  
s c a n n e d  o v e r  a  sa m p le . T h e  r e su lt in g  irra d ia tio n  c a u s e s  th e  r e le a s e  o f  l o w  e n e r g y ,  
s e c o n d a r y  e le c tr o n s  fr o m  th e  sa m p le  su r fa c e . T h e s e  s e c o n d a r y  e le c tr o n s  a re  r e f le c te d  
o n to  a  p la te  w h ic h  is  c o n n e c te d  to  a  c a th o d e -r a y  tu b e  v ia  an  a m p lifier . T h e  m a jo r ity  o f  th e  
e le c tr o n s  r e a c h in g  th e  d e te c to r  w iU  b e  se c o n d a r y  e le c tr o n s . S u c h  e le c tr o n s  a r e  e a s i ly  
tr a p p e d  w ith in  d e p r e s s io n s  o n  th e  sa m p le  su r fa ce . H e n c e , d u r in g  th e  s c a n n in g  o f  a  
s a m p le , c h a n g e s  in  th e  e le c tr o n  b ea m  r e f le c t in g  b a c k  o n to  th e  p la te  w i l l  o c c u r  a s  a  
c o n s e q u e n c e  o f  d if fe r e n c e s  in  th e  sa m p le  su r fa c e  te x tu r e  o r  to p o g r a p h y . T h is  w ü l  a f f e c t  
th e  b r ig h tn e s s  o f  th e  c a th o d e -r a y  tu b e  s p o t . T h e  in te n s ity  o f  th e  s p o t  r e a c h in g  th e  
c a th o d e -r a y  tu b e  a s  it s c a n s  th e  sa m p le  w ü l d e p e n d  o n  th e  a m o u n t o f  s e c o n d a r y  e le c tr o n s  
e m itte d  b y  th e  sa m p le  r e a ch in g  th e  d e te c to r . A s  a  r e su lt , an  im a g e  is  b u ü t u p  o f  th e  
s a m p le  (O a t le y , 1 9 7 2 ;  W e fts , 1 9 7 4 ) .
T h e  o p e r a t io n  o f  th e  S E M  w ftl n o w  b e  d e sc r ib e d  in  m o r e  d e ta il. F ir s t ly , a  b e a m  o f  
e le c tr o n s  a re  a c c e le r a te d  b y  a  c a th o d e  (C )  (F ig u r e  4 .1 ) .  T h is  b e a m  is  f o c u s e d  b y  t w o  o r
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th r e e  e le c tr o n  le n s e s  (L )  o n to  th e  su r fa c e  o f  th e  sa m p le  ( S ) .  T h e  le n s e s  a r e  u s e d  to  
c o n tr o l  th e  d ia m e te r  o f  th e  b e a m , r e su lt in g  in  a  b e a m  d ia m e te r  th a t m a y  b e  in  th e  o r d e r  o f
0 .0 1 m m . S o m e  o f  th e  cu rren t ( i .e . s e c o n d a r y  e le c tr o n s )  le a v in g  th e  s a m p le  is  c o l le c t e d  b y  
th e  p la te  (P ) .  T h e  c u r re n t is  c o n v e y e d  v ia  an  a m p lifier  (A )  to  a  c a th o d e -r a y - tu b e , w h ic h  
d e te r m in e s  th e  p o te n t ia l  o f  th e  m o d u la t in g  e le c tr o d e  (G ) w ith in  th e  tu b e . H e n c e ,  th e  
s e c o n d a r y  e le c tr o n s  r ea c h in g  th e  p la te  c o n tr o l  th e  b r ig h tn e ss  o f  th e  s p o t  o n  th e  f a c e  o f  th e  
tu b e . In  o r d e r  fo r  a  r e p r e se n ta t iv e  im a g e  to  b e  a tta in ed  it is  n e c e s s a r y  to  e n s u r e  th a t th e  
e le c tr o n  b e a m  a n d  th e  s p o t  o n  th e  c a th o d e -r a y  tu b e  are  sy n c h r o n iz e d . T h is  is  d o n e  v ia  th e  
s im u lta n e o u s  d e f le c t io n  o f  th e  b e a m  a n d  s p o t  u s in g  a  g e n e r a to r  (G )  a n d  c o d s  ( D ) .  T h is  
c a u s e s  th e  b e a m  a n d  s p o t  to  d e f le c t  a t r ig h t a n g le  to  e a c h  o th e r , r e s u lt in g  in  s y n c h r o n iz e d  
s c a n n in g  o f  th e  sa m p le .
B or»
S
F ig u r e  4 .1  S c a n n in g  E le c tr o n  M ic r o s c o p e  
(a d a p te d  fro m  O a t le y , 1 9 7 2 )
4.1.1 Filtered Samples
S a m p le s  w e r e  ta k e n  d u r in g  th e  tria l fo r  S E M  a n a ly s is . T h e s e  s a m p le s  w e r e  f ilte r e d  
th r o u g h  M ilh p o r e  I s o p o r e  filte r  p a d s  w ith  p o r e  s iz e  0 .2 m m . T h e  f i lte r s  a n d  re ta in e d  
Bacillus globigii s p o r e s , w e r e  su b s e q u e n t ly  d ried  a n d  a n a ly se d  u s in g  a  s c a n n in g  e le c tr o n  
m ic r o s c o p e  (L e o  [C a m b r id g e ]  S lO O ). In itia l c o m p a r a t iv e  t e s t s  w e r e  c a r r ie d  o u t  in  o r d e r  
to  a s s e s s  th e  b e s t  m e a n s  o f  s a m p le  d ry in g  p r io r  to  a n a ly s is  b y  th e  S E M . T h r e e  s a m p le  
d r y in g  m e th o d s  w e r e  c o n s id e r e d :  c r it ic a l p o in t  d ry in g , fr e e z e  d ry in g  a n d  a ir d r y in g . T h e  
m a in  p r o b le m s  th a t m u s t  b e  c o n s id e r e d  w h e n  d ry in g  s a m p le s  o c c u r  d u e  t o  tu r b u le n c e  
d u r in g  th e  d r y in g  p r o c e s s  a n d  s a m p le  c o l la p s e .
D e p e n d in g  o n  th e  m e t h o d o lo g y  e m p lo y e d , s a m p le  c o l la p s e  m a y  o c c u r  to  a  le s s e r  o r  h ig h e r  
d e g r e e . S a m p le  c o l la p s e  is  a  c o n s e q u e n c e  o f  p r e ss u r e  c h a n g e s  w h ic h  o c c u r  in s id e  a  
b io lo g ic a l  o r g a n is m  a s  it d e h y d r a te s . T h e  c a v in g  in  o f  ceU  w a lls  i s  c o m m o n  f o r  b a c te r ia  
s a m p le s , e s p e c ia l ly  w h e n  a ir d r ied . A lte r n a tiv e  sa m p le  p r e p a r a tio n  m e th o d s  c a n  r e d u c e  
th e  in f lu e n c e  o f  c o l la p s e  b u t m a y  r esu lt  in  h ig h  tu r b u le n c e , a s  is  o f t e n  th e  c a s e  w ith  
c r it ic a lly  p o in t  d r ied  sa m p le s . S a m p le  lo s s  m a y  o c c u r  a s  a  c o n s e q u e n c e  o f  h ig h  
tu r b u le n c e , y ie ld in g  u n r e p r e se n ta t iv e  r e su lts  w h e n  s a m p le  c o n c e n tr a t io n s  a re  im p o r ta n t .
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Critical Point Drying Freeze Drying Air Drying
h ig h  tu r b u le n c e  < ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . >  lo w  tu r b u le n c e
lo w  c o l la p s e  < .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .>  h ig h  c o l la p s e
F r o m  th e  p re lim in a r y  te s t  o b s e r v a t io n s  it  w a s  d e c id e  th a t a ir d ry in g  w o u ld  b e  th e  m o s t  
a p p r o p r ia te  d ry in g  m e th o d  fo r  Bacillus s p o r e  sa m p le s . H o w e v e r , s u b s e q u e n t  s a m p le s  w i l l  
c o n ta in  a lg a e  a n d  b a c te r ia  w h ic h  m a y  c o l la p s e  i f  air d r ied . H e n c e  it w iU  b e  n e c e s s a r y  to  
r e e v a lu a te  th e  d r y in g  m e th o d  fo r  fu tu r e  e x p e r im e n ts .
T h e  th r e e  d ry in g  m e th o d s  t e s te d , th e ir  a d v a n ta g e s  an d  d is a d v a n ta g e s  w ü l  b e  d is c u s s e d  in  
m o r e  d e ta ü  b e lo w , a lo n g  w ith  th e  r e a so n s  b e h in d  th e  c h o ic e  o f  d r y in g  p r o c e s s .
4,1,1.! Critical Point Drying
C r it ic a l p o in t  d ry in g  in v o lv e s  h ea tin g  th e  m o is t  s a m p le  u n d e r  c o n tr o l le d  p r e s s u r e  
c o n d it io n s .  T h e  s a m p le , o r  in  th is  c a s e  th e  m o is t  f ilte r  m e m b r a n e , i s  p la c e d  in  a  
s p e c ia l ly  d e s ig n e d , s e a le d  c o n ta in e r  w h ic h  is  h e a te d . I n c r e a s in g  th e  te m p e r a tu r e  r e s u lt s  
in  a  r is e  in  v a p o u r  p r e ss u r e  a n d  d e n s ity . A  c o r r e s p o n d in g  in c r e a s e  in  liq u id  v o lu m e  w ü l  
o c c u r , r e s u lt in g  in  liq u id  e x p a n s io n  and  a  s u b se q u e n t  d e n s ity  d e c r e a s e . B y  c o n tr o U in g  
th e  te m p e r a tu r e  an d  p r e ss u r e  a  p o in t  is  r e a c h e d  w h e r e  th e  v a p o u r  a n d  liq u id  d e n s it ie s  
a re  th e  s a m e . T h is  p o in t  is  re ferred  to  a s  th e  c r it ic a l p o in t , an d  is  th e  p o in t  a t w h ic h  
s u r fa c e  te n s io n  is  z e r o . H e n c e , b y  in c r ea s in g  th e  te m p e r a tu r e  to  a b o v e  th e  c r it ic a l  
te m p e r a tu r e  th e  liq u id  c a n  b e  m a d e  to  p a s s  in to  th e  g a s  p h a s e  w ith o u t  h a v in g  to  p a s s  
th r o u g h  th e  liq u id  s u r fa c e . O n c e  th is  s ta te  is  r e a c h e d , th e  p r e ss u r e  is  a U o w e d  t o  re tu r n  
to  a tm o s p h e r ic , w h ü s t  m a in ta in in g  th e  tem p e ra tu re  a b o v e  th e  c r it ic a l l e v e l .
T h e  m a in  d is a d v a n ta g e  o f  c r it ic a l p o in t  d ry in g  is  th e  h ig h  a m o u n t  o f  tu r b u le n c e  
e x p e r ie n c e d . S in c e  th e  s a m p le s  c o n s id e r e d  c o n s is te d  o f  s p o r e s  r e s t in g  o n  th e  s u r fa c e  o f  
a  f i lte r  m e m b r a n e , it  w a s  fea re d  th a t h ig h  tu r b u le n c e  w o u ld  r e su lt  in  s p o r e s  d e ta c h in g  
fr o m  th e  f ilte r  s u r fa c e , i .e .  sa m p le  lo s s . G en eraU y  cr it ic a l p o in t  d ry in g  is  p r e c e d e d  b y  a  
f ix in g  p r o c e s s .  T h is  in v o lv e s  r in sin g  th e  sa m p le  in  d iffe r en t s o lu t io n s . H o w e v e r ,  it  w a s  
a ls o  fe a r e d  th a t th is  p r o c e s s  m a y  r esu lt  in  s p o r e s  b e in g  w a s h e d  o f f  th e  f ilte r  m e m b r a n e  
b e fo r e  th e y  h ad  b e e n  firm ly  f ix e d . T h e  f ix in g  m e th o d o lo g y  is  d e sc r ib e d  in  A p p e n d ix  II. 
A s  fe a r e d , in it ia l tr ia ls  d id  im p ly  th at a  s ig n if ic a n t  p r o p o r t io n  o f  th e  s a m p le  w a s  b e in g  
l o s t  th r o u g h  th is  d r y in g  p r o c e s s .
4,1,1,2 Freeze Drying
T h is  p r o c e s s  in v o lv e s  q u ic k ly  fr e e z in g  th e  sa m p le s , o f te n  th r o u g h  th e  u s e  o f  liq u id  
n itr o g e n . F o r  th is  tr ia l, th e  filte r  m e m b ra n e s  w e r e  p la c e d  in  a  fr e e z e r  a t a  te m p e r a tu r e  
o f  -7 0 ® C , th e  lo w  te m p e r a tu r e  r esu ltin g  in  th e  q u ic k  fo r m a tio n  o f  ic e  c r y s ta ls . D u e  to  
th e  s p e e d  o f  th e  fr e e z in g  p r o c e s s , th e  ic e  c r y s ta ls  fo r m e d  are  s ig n if ic a n t ly  sm aU er  th an  
w o u ld  b e  n orm aU y  e x p e c te d , r e d u c in g  sa m p le  d is to r tio n . T h e  fr o z e n  s a m p le s  a r e  th e n  
tra n sferred  to  a  v a c u u m  w h e r e  th e  ic e  c r y s ta ls  s u b lim e  u n tü  a  d ry  s a m p le  i s  a tta in e d .
F r e e z e  d ry in g  c a n  y ie ld  e x c e U e n t re su lts  and  is  r e la t iv e ly  e a s y  to  c a rry  o u t ,  a lth o u g h  it  is  
a  r e la t iv e ly  s lo w  p r o c e d u r e  (req u ir in g  g r ea te r  th a n  o n e  d a y ) . T h e  f r e e z e  d r y in g  m e th o d  
r e s u lts  in  l e s s  s a m p le  tu r b u le n c e  th an  cr itica l p o in t  d ry in g  b u t g r e a te r  th a n  in  th e  a ir  
d r y in g  p r o c e s s .  C o n v e r s e ly , f r e e z e  d ry in g  r e s u lts  in  le s s  s a m p le  d e fo r m a t io n  th a n  th e
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air d r y in g  p r o c e s s  b u t g r e a te r  th an  b y  c r it ic a l p o in t  d ry in g , s in c e  s o m e  sa m p le  
d e fo r m a t io n  o r  sh r in k a g e  w il l  o c c u r  d u rin g  th e  fin a l d ry in g  s ta g e . H e n c e ,  f r e e z e  d ry in g  
c a n  b e  s e e n  to  b e  a  c o m p r o m is e  b e tw e e n  c r it ic a l p o in t  d r y in g  a n d  a ir  d r y in g .
4.1J.3 Air Drying
A fte r  f i lte r in g , th e  s a m p le s  a n d  re ta in e d  Bacillus s p o r e s  w e r e  le f t  to  d ry  n a tu ra lly  in  th e  
o p e n  air. A s  p r e v io u s ly  m e n t io n e d , d ry in g  o f  s a m p le s  m a y  r e s u lt  in  c o l la p s e ,  e s p e c ia l ly  
w h e n  a ir  d r ied . H o w e v e r ,  th e  sa m p le s  u s e d  in  th e  first tr ia l e x p e r im e n ts  c o n s is t e d  o f  
s u s p e n s io n s  o f  Bacillus globigii s p o r e s , w h ic h  h ad  r e la t iv e ly  r ig id  ceU  w a lls .  
C o n s e q u e n t ly ,  n o  c e l l  w a l l  d e fo r m a tio n  w a s  o b s e r v e d  a fter  a ir  d r y in g .
T h e  e x tr e m e ly  s im p le , a n d  c o s t  e f f e c t iv e  m e th o d  o f  a ir  d ry in g  m a k e s  it  an  o b v io u s  
c h o ic e .  T h e  a d d it io n a l a d v a n ta g e  o f  lo w  tu r b u le n c e  d u r in g  th e  d r y in g  p r o c e s s  r e d u c e s  
th e  l ik e l ih o o d  o f  s p o r e  lo s s  fr o m  th e  su r fa c e  o f  th e  f ilte r  m e m b r a n e s . H e n c e , it  w a s  
d e c id e d  th a t a ir d ry in g  w a s  th e  m o s t  a p p ro p r ia te  d ry in g  m e th o d  fo r  f ilte r e d  s a m p le s  
c o n ta in in g  Bacillus globigii s p o r e s .
4.1.2 Core Samples
C o r e  s a m p le s  w e r e  ta k e n  a t th e  e n d  o f  th e  tria l run  in  o r d e r  to  a s s e s s  th e  r e m o v a l  
p e r fo r m a n c e  w ith  d e p th , a n d  p re fe r e n tia l p a r tic le  r e te n t io n . T h e  sa m p lin g  t e c h n iq u e  
in v o lv e d  c a r e fu lly  d ig g in g  in to  th e  b e d , in  o rd er  to  m in im iz e  th e  d is tu r b a n c e  t o ,  and  
c o n ta m in a tio n  o f ,  th e  m e d ia . B o r e  s a m p le s  w e r e  ta k e n  a t k n o w n  d e p th s  b y  c a r e fu lly  
p u s h in g  a  sh o r t  le n g th  o f  p ip e  h o r iz o n ta lly  in to  th e  b e d . T h e s e  s a m p le s  w e r e  ta k e n  a t  
5 0 m m , 1 0 0 m m  a n d  3 0 0 m m  fr o m  th e  m e d ia  su r fa c e .
A n a ly s is  o f  c o r e  s a m p le s  is  to  b e  ca rr ied  o u t  o n  a  V a r ia b le  V a c u u m  S c a n n in g  E le c tr o n  
M ic r o s c o p e  ( V V S E M )  m o d e l  H I T A C H I  S - 3 2 0 0 N .  In itia l tr ia ls  w e r e  ca r r ie d  o u t  o n  
s a m p le s  p la c e d  in  su p p o r t in g  r in g s . S o m e  d iff ic u lt ie s  w e r e  e x p e r ie n c e d !  T h e  m e th o d  o f  
a n a ly s in g  c o r e  s a m p le s  w i l l  b e  r e v ie w e d  d u r in g  th e  n e x t  p e r io d  and  n e w  m e th o d s  te s te d .
4.2 Introduction to BIOTRACE
T h e  in it ia l tr ia ls  in v e s t ig a te d  th e  r e m o v a l o f  Bacillus globigii (va r . n ig e r )  s p o r e s .  T h is  
stra in  o f  Bacillus i s  n o n -p a th o g e n ic  to  h u m a n s, o th e r  a n im a ls  and  p la n ts . T h e  s p o r e s  h a v e  
b e e n  s h o w n  to  b e  c o n s e r v a t iv e , i .e .  th e y  are  h ig h ly  p e r s is te n t  in  a  w id e  r a n g e  o f  a q u a tic  
e n v ir o n m e n ts . T h e y  h a v e  b e e n  e x te n s iv e ly  u se d  a s  m ic ro b ia l tra ce r s  fo r  b o th  a ir  a n d  w a te r  
s tr e a m s , p a r tly  d u e  to  th e  p r e v io u s ly  m e n tio n e d  c h a r a c te r is t ic s , b u t a ls o  d u e  t o  th e ir  
d e te c ta b il i ty  a t h ig h  d i lu t io n s  fo r  p e r io d s  u p  to  th ree  w e e k s  a fte r  r e le a s e .
T h e  n o n -m o t i le ,  o v a l  s p o r e s  are  a p p r o x im a te ly  0 .8  x  (1 .5  - 1 .8 )  m m . T h e  Bacillus 
globigii s p o r e s  w e r e  o b ta in e d  a s  a  s u s p e n s io n  fr o m  In te rn a tio n a l B io c h e m ic a ls  L td . u n d e r  
th e  p r o d u c t  n a m e  o f  BIOTRACE.
Procedure
•  T h e  s a m p le s  a re  h e a te d  in  a  w a te r  b ath  fo r  3 0  m in u te s  a t 6 3 ® C , in  o r d e r  to  m a x im iz e  
s p o r e  g e r m in a tio n  a n d  r e d u c e  th e  l e v e l s  o f  n o n -th e r m o d u r ic  b a c te r ia .
•  T h e  s a m p le s  are  th en  filte re d  th ro u g h  filte r s  w ith  p o r e  s iz e  0 .4 5 m m . G e n e r a lly  s a m p le  
v o lu m e s  o f  1 , 1 0  a n d  1 0 0 m l are f ilte r e d , d e p e n d in g  o n  th e  s a m p le  c o n c e n tr a t io n .
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•  T h e  f i lte r s  s h o u ld  b e  in c u b a te d  a t 30® C  fo r  18  h o u r s , o n  p a d s  sa tu r a te d  in  th e  r e c o v e r y  
m e d iu m . T h e  re su lta n t c o lo n ie s  s h o w  a  h ig h ly  c h a r a c te r is t ic  o r a n g e /  b r o w n  
p ig m e n ta t io n .
R e c o v e r y  M e d iu m  f o r  Bacillus globigii (v a r . n ig e r )  s p o r e s  
T r y p to n e , D i f c o  2 0 g
N a C l 5 g
D is t i l le d  W a te r  9 0 0 m l
p H  (a d ju s te d  w ith  I N  N a O H  O R  I N  H C l)  6 .8  
S te r i l i s e  b y  a u to c la v in g  a t 121® C  fo r  15 m in u te s .
B e f o r e  th e  r e c o v e r y  m e d iu m  is  u s e d  1 0 0 m l o f  a  s u p p le m e n t c o n ta in in g  g lu c o s e  a n d  
m a n ito l  (b o th  10%  w /v )  sh o u ld  b e  a d d e d . T h is  sh o u ld  th en  b e  s te r il is e  b y  a u to c la v in g  a t 
1 1 6 ® C  f o r  1 0  m in u te s .
( I n fo r m a tio n  s u p p lie d  b y  In tern a tio n a l B io c h e m ic a ls  L im ite d )
4.3 Adenosine Triphosphate (ATP)
A T P  is  a n  e n z y m e  in v o lv e d  in  th e  p r o d u c t io n  o f  e n e r g y  in  c e llu la r  l ife  p r o c e s s e s .  I t  is  
p r o d u c e d  a s  a  r e s u lt  o f  c e llu la r  re sp ir a tio n  an d  is  p r e se n t  in  a ll l iv in g  o r g a n is m s .  
C o n s e q u e n t ly ,  it  c a n  b e  u s e d  to  m e a su r e  th e  to ta l  liv in g  b io m a s s  o f  n a tu r a l m ic r o b ia l  
p o p u la t io n s . D u r in g  A T P  a n a ly s is , th e  m ic r o o r g a n ism  ceU  w aU  is  b r o k e n  d o w n  b y  th e  
a d d it io n  o f  a  c h e m ic a l  to  a llo w  th e  r e le a s e  o f  th e  A T P . T h is  e n s u r e s  th a t a ll  d o r m a n t  
o r g a n is m s  w iU  a ls o  b e  m e a su r e d . T h e  A T P  is  th e n  m ix e d  w ith  F ir e fly  L u c ife r a s e , w h ic h  
r e a c ts  w ith  th e  A T P  to  p r o d u c e  lig h t, o n e  p h o to n  b e in g  p r o d u c e d  fo r  e a c h  m o le c u le  
h y d r o ly z e d . S in c e  th e  a m o u n t o f  lig h t p r o d u c e d  is  p r o p o r t io n a l to  th e  a m o u n t  o f  A T P  
p r e s e n t , th e  m e a s u r e m e n t  o f  e m itte d  lig h t u s in g  a  lu m in o m e te r  y ie ld s  th e  a m o u n t  o f  A T P .  
T h e  r e a c t io n  is  in s ta n ta n e o u s , p r o d u c in g  r e s u lts , m e a su r e d  in  r e la t iv e  lig h t  u n its  ( R L U ) ,  in  
a  m a tte r  o f  m in u te s . T h e  U n i-L ite ®  W a te r  T e s t  K it (B io tr a c e  In te r n a t io n a l P ic . G r o u p )  
w a s  u s e d . T h e  la b o r a to r y  p r o c e d u r e  i s  p r e se n te d  in  F ig u r e  4 .2 .
100  ul  s a m p l e
in
a d d  100  u l e x t r a c t a n t  
w a i t  60 s e c o n d s
+
a d d  100  ul  e n z y m e  a t t a c h  
H o l d - T i t e ^ ^  to c u v e t t e
I
m e a s u r e  in U n i - L i t e
F ig u r e  4 .2  A d e n o s in e  T r ip h o sp h a te  A n a ly s is
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4.4 Particulate Organic Carbon Analysis
P a r tic u la te  O r g a n ic  C a r b o n  (P O C ) is  th e  s u s p e n d e d  p o r tio n  o f  to ta l  o r g a n ic  c a r b o n . T h e
a n a ly s is  p r o c e d u r e  d e s c r ib e d  b e lo w  i s  th a t u s e d  b y  T h a m e s  W a te r 's  la b o r a to r ie s .
Procedure
•  A  W h a tm a n  G F /C  g la s s  filte r  p ad  is  h e a te d  to  5 0 0  ®C fo r  2 4  h o u r s  in  o r d e r  to  e n s u r e  
th a t a n y  r e s id u a l c a r b o n  i s  r e m o v e d .
•  A  k n o w n  v o lu m e  o f  s a m p le  is  f ilte r e d  th ro u g h  th e  c o o le d  filte r , s u f f ic ie n t  to  le a v e  
a p p r o x im a te ly  2 0 0  to  5 0 0 m g  o f  ca r b o n  o n  th e  f i lte r  su r fa c e .
•  T h e  f ilte r  is  tra n sferre d  to  a  1 0 0 m l c o n ic a l  f la s k  an d  p la c e d  in  a  fu m e  c u p b o a r d . T o  th e  
f la s k  is  a d d e d  7 m l o f  w e a k  ca r b o n  d ig e s ta n t . (F o r  e v e r y  15  s a m p le s  t e s t e d ,  T h a m e s  
W a te r  la b o r a to r ie s  r e c o m m e n d  te s t in g  tw o  b lan k  s a m p le s . I g n ite d  f i lte r s  a r e  u s e d  fo r  
th e  b la n k s .)
•  T h e  c o n ic a l  f la s k  is  c o v e r e d  w ith  a  w a tc h  g la s s  and  r e f lu x e d  o n  a  h o tp la te  a t  1 0 5  ®C fo r  
o n e  h o u r . I f  th e  l iq u id  i s  s e e n  to  turn b lu e -g r e e n  a  fu r th er  7 m l o f  d ig e s ta n t  is  a d d e d .
•  A f te r  o n e  h o u r  th e  f la s k  is  r e m o v e d  fr o m  th e  h o tp la te  a n d  le f t  to  c o o l  in  th e  f t im e -  
c u p b o a r d .
•  O n c e  c o o l ,  th e  w a tc h g la s s  is  r e m o v e d  and  2 0  to  3 0 m l o f  d e io n is e d  w a te r  a d d e d  to  th e  
f la s k .
•  O n e  d r o p  o f  r e d o x  in d ic a to r  is  a d d ed  to  th e  f la sk  an d  th o r o u g h ly  m ix e d . T h is  is  th en  
titra ted  a g a in s t  th e  w o r k in g  F A S  (F erro u s A m m o n iu m  S u lp h a te )  s o lu t io n .
•  T h e  e n d  p o in t  i s  in d ic a te d  w h e n  th e  s o lu t io n  tu rn s fr o m  g r e e n is h  b lu e  to  r ed .
T h e  a m o u n t  o f  P O C  in  th e  s a m p le  is  d e te r m in e d  b y  E q u a tio n  4 .1 .
( (n B )  - T )  7 5 0 /  S  =  m g  P O C   E q u a t io n  4 .1
w h e r e :  n  =  n u m b e r  o f  7  m l  d ig e s ta n t  a h q u o ts  req u ired ;
B  =  m e a n  v o lu m e  o f  w o r k in g  F A S  (m l)  req u ired  f o r  th e  b la n k  titra tio n ;
T  =  v o lu m e  o f  w o r k in g  F A S  (m l)  req u ired  f o r  th e  s a m p le  titra tio n ;
S  =  v o lu m e  o f  w o r k in g  F A S  (m l)  req u ired  fo r  th e  sta n d a rd  t itr a tio n .
4.5 Chlorophyll a (Spectrophotometric)
C h lo r o p h y ll  a a n a ly s is  is  o f te n  u se d  a s  an  in d ic a t io n  o f  th e  p r e s e n c e  o f  m ic r o -a lg a e  p r e s e n t  
in  a  sa m p le . T h e  f o l lo w in g  p r o c e d u r e  is  th a t e m p lo y e d  b y  T h a m e s  W a te r 's  la b o r a to r ie s  
a n d  is  su ita b le  fo r  s a m p le s  w h e r e  th e  a m o u n t o f  c h lo r o p h y ll  a p r e s e n t  is  g r e a te r  th an  
lm g /1 .
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Procedure
•  T h e  s a m p le  is  sh a k e n  a n d  a  k n o w n  v o lu m e  f ilte r e d  th r o u g h  a  W h a tm a n  G F /C  f i lte r  p a d .  
T h e  f i l t e r  i s  th e n  r o lle d  a n d  p la c e d  in  a  b o il in g  tu b e .
•  A  s u f f ic ie n t  q u a n tity  o f  9 6 %  m e th a n o l is  a d d ed  to  c o v e r  th e  f ilter .
•  T h e  tu b e  is  th e n  p la c e d  in  a  fu m e  c u p b o a r d  and  h e a te d , a llo w in g  th e  m e th a n o l to  b o il  
fo r  a p p r o x im a te ly  ten  s e c o n d s . T h e  tu b e  i s  th e n  a llo w e d  to  c o o l  in  th e  fu m e  c u p b o a r d .
•  T h e  c o o le d  m e th a n o l  e x tr a c t  is  f ilte r e d  th r o u g h  a  s in te r  g la s s  f ilte r  w h ic h  h a s  p r e v io u s ly  
b e e n  r in se d  w ith  m e th a n o l. It is  n e c e s s a r y  to  e n su r e  th at n o n e  o f  th e  s a m p le  is  w a s t e d  
a n d  h e n c e  th e  b o il in g  tu b e  is  a ls o  r in sed  w ith  m e th a n o l and  th e  r e s id u a l p o u r e d  th r o u g h  
th e  f ilte r .
•  T h e  f iltr a te  i s  p o u r e d  in to  a  m e a su r in g  c y lin d e r , w h ic h  h a s  b e e n  p r e v io u s ly  r in se d  w ith  
m e th a n o l. A l l  a p p a ra tu s  is  a g a in  r in sed  w ith  m e th a n o l to  p r e v e n t  s a m p le  lo s s .  T h e  
f iltr a te  is  m a d e  u p  to  a  sta n d a rd  v o lu m e , g e n e r a lly  1 5 m l, w ith  m e th a n o l  a n d  r e tu r n e d  to  
th e  b o i l in g  tu b e .
•  T h e  a b s o r b a n c e  o f  th e  m e th a n o l b la n k  i s  read  a t 7 5 0 n m  a n d  6 6 5 n m .
•  T h e  m e th a n o l  e x tr a c t  is  p o u r e d  in to  a  4  c m  c u v e t t e  an d  a  re a d in g  ta k e n  a t 7 5 0 n m  a n d  
6 6 5 n m .
T h e  a m o u n t  o f  c h lo r o p h y ll  a in  th e  s a m p le  i s  d e te r m in e d  b y  E q u a t io n  4 .2 .
( A s ^ 5 5  -  A s 7 5 o )  - ( A b ^ ^ 5  -  A b y ^ Q) x  V a x  1 1 .9  =  m g/1  c h lo r o p h y ll  a  E q u a t io n  4 .2
V s x l
w h e r e :  A S 5 5 5  =  th e  a b so r b a n c e  o f  th e  s a m p le  a t 6 6 5 n m ;  
A S 7 5 0  =  fh e  a b so r b a n c e  o f  th e  s a m p le  a t 7 5 0 n m ;  
A b 6 6 5  =  th e  a b so r b a n c e  o f  th e  b la n k  a t 6 6 5 n m ;  
A b 7 5 o  =  th e  a b so r b a n c e  o f  th e  b la n k  a t 7 5 0 n m ;  
V a  =  th e  v o lu m e  o f  th e  a liq u o t  in  m l;
V s  =  th e  v o lu m e  o f  th e  sa m p le  f ilte r ed  in  litres;
1 =  th e  p a th  le n g th  in  c m  (u s u a lly  4 c m ) .
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5. Miscellaneous
1. A  lite r a tu r e  r e v ie w  h a s  b e e n  ca rr ied  o u t  r e la tin g  to  b io f i lm s , th e ir  fo r m a tio n  a n d  
a tta c h m e n t  p r o c e s s e s .  S o m e  o f  th is  litera tu r e  h a s  b e e n  r e v ie w e d  in  a  p a p e r  a n d  p o s t e r  
p r e s e n te d  a t  th e  1 9 9 6  E n g D  C o n fe r e n c e  a t B r u n e i U n iv e r s ity  o n  th e  1 0 ^  to  1 1 ^  
S e p te m b e r . T h e  a im  o f  th e  p a p e r  is  to  r e la te  b io film  th e o r y  to  tr a d it io n a l f iltr a tio n  
th e o r y  a n d  to  h ig h lig h t  th e  v o id s  o f  k n o w le d g e  in  th is  f ie ld . T h e  t it le  o f  th e  p a p e r  w a s  
Biofilms, Filtration Theory and Particle Removal.
2 . T h e  a c a d e m ic  s u p e r v is o r  h a s  b e e n  c h a n g e d  fr o m  D r . B a rry  L lo y d  (C iv i l  E n g in e e r in g )  to  
D r . T o n y  C h a m t o la in  ( S c h o o l  o f  B io lo g ic a l  S c ie n c e s ,  U n iv e r s ity  o f  S u r r e y ) . I  w o u ld  
l ik e  t o  a c k n o w le d g e  th e  a m o u n t o f  t im e  and  u se fu l a d v ic e  g iv e n  b y  D r . C h a m b er lia n  
s in c e  h is  a p p o in tm e n t  a s  n e w  su p e r v iso r .
3 .  T h e  A d v a n c e s  in  S lo w  S a n d  and  A lte r n a t iv e  B io lo g ic a l  F iltr a tio n  C o n fe r e n c e  w a s  
a tte n d e d  a t U n iv e r s ity  C o l le g e  L o n d o n  (2 2 " d  to  2 4 ^  A p r il)  a t w h ic h  a  jo in t  p a p e r  w a s  
p r e s e n te d  b y  B r ia n  C la r k e  (s e c o n d  s u p e r v iso r  - C iv il  E n g in e e r in g , U n iv e r s i ty  o f  
S u r r e y ) . T h e  t i t le  o f  th e  p a p er  w a s  Water Treatment by Multistage Filtration Using 
Gravel Prefilters and Fabric Enhanced Slow Sand Filters.
4 .  A  t w o  d a y  s ta t is t ic s  c o u r s e  w a s  a tte n d e d  a t R e a d in g  U n iv e r s ity  (U ^  a n d  2"d  M a y ) .  
T h is  c o u r s e  w a s  d e s ig n e d  s p e c if ic a lly  fo r  e m p lo y e e s  a n d  s tu d e n ts  w o r k in g  w ith  T h a m e s  
W a te r .
5 . T h e  T h a m e s  W a te r  R & D  a w a y  d a y  w a s  a tte n d e d  o n  th e  1 3 ‘^  M a y . T h is  w a s  f o l lo w e d
b y  a n  a d d it io n a l s tu d e n ts  a n d  c o n tr a c t  w o r k e r s  a w a y  d a y  o n  th e  3 ^  ^ j ^ n e .
6 . A  p r e s e n ta t io n  w a s  a tte n d e d  o n  th e  su b je c t  o f  A g e n d a  2 1 ,  o n  th e  3  M a y . T h e  ta lk  
w a s  g iv e n  b y  JiU H a rr is  fr o m  S u rr e y  C o u n ty  C o u n c il  p la n n in g  d e p a r tm e n t, a n d  
o r g a n is e d  b y  C E S .
7 . A  H a z a r d  R e p o r t  h a s  b e e n  w r itte n  fo r  T h a m e s  W a te r , g iv in g  n e c e s s a r y  d e ta i ls  fo r  th e  
r e g is tr a t io n  o f  th e  p ilo t  p la n t and  r e le v a n t C O S H H  d e ta ils  o f  s u b s ta n c e  t o  b e  u s e d  
d u r in g  th e  r e s e a r c h . T h e  rep o rt i s  a tta c h ed  in  A P P E N D I X  III.
8 . T h e  r e s e a r c h  e n g in e e r  w a s  tra n sfo rm ed  in to  a  M id -a g e  M u ta n t N in g a  T u r t le  fo r  o n e  
d a y , f o r  th e  T h a m e s  W a te r  C h a r ity  ra ft r a ce , h e ld  a t R e a d in g  ( 1 5 ^  A u g u s t ) .
9 .  A  m e e t in g  w a s  a tte n d e d  a t K e m p to n  P ark  W T W  o n  th e  29^1 A p r il. P r e s e n ta t io n s  w e r e  
g iv e n  b y  B r a d  C o f f e y  fr o m  th e  W a te r  Q u a lity  D iv is io n  o f  th e  M e tr o p o lita n  W a te r  
D is tr ic t  o f  S o u th er n  C a h fo m ia .
1 0 . D o c to r a te  o f  E n g in e e r in g  C o u r s e s  a tten d ed : M a r k e tin g  &  F in a n c e  - d is ta n c e  le a r n in g .
1 1 .A  p o s t e r  d isp la y  w a s  p r e se n te d  a t th e  1 9 9 6  E n g D  C o n fe r e n c e , h e ld  a t B r u n e i  
U n iv e r s i ty  U x b r id g e  c a m p u s , o n  th e  1 0 ^  a n d  1 1 ^  o f  S e p te m b e r .
page 14
EngD 6 monthly report____________________________________________________________March to Oct. 1996
6. References & Bibliography
• Coughlan, A. (1996) Slime City. N e w  S c i e n t i s t  31 August (2045), 32-36.
• Grant/ YSI (1993) 3 8 0 0  W a t e r  Q u a l i t y  L o g g i n g  S y s t e m  I n s t r u c t i o n  M a n u a l .  Issue 2 
Grant Instruments (Cambridge) Ltd., England.
• International Biochemicals Limited, BIOTRACE A Suspension of Bacillus globigii 
spores for use as a Biological Tracer. European Technical Services, Dublin, Ireland.
• Marshall, K.C. & Goodman, A.E. (1994) Effects of Adhesion on Microbial Cell 
Physiology. C o l l o i d s  a n d  S u r f a c e s  B :  B i o i n t e r f a c e s ,  2, 1-7.
• Oatley C.W., (1972), T h e  S c a n n i n g  E l e c t r o n  M i c r o s c o p e  P a r t  I  T h e  I n s t r u m e n t ,  
Cambridge at the University Press, Britain.
• Petrusevski B., Vlaski. A. Van Breeman, A.N. & Alaerts, G.J. (1993) Influence of 
Algal Species and Cultivation Conditions on Algal Removal in Direct Filtration. W a t .  
S c i .  T e c h n o L ,  27 (11), 211-220.
• Thames Water Utilities Laboratory Quality Manual, Biological Monitoring: Particulate 
Organic Carbon (POC). Issue No. 1, Document LP/R/363, May 1996.
• Thames Water Utilities Laboratory Quality Manual, Biological Monitoring: 
Chlorophyll a (Spectrophotometric). Issue No. 1, Document LP/R/362, April 1996.
page 15
EngD 6 monthly report________________________________________________  March to Oct. 1996
APPENDIX I 
Sampling Times
Sampling times for each analysis parameter are given in the table below. Separate samples 
for each parameter had to be collected for ease of identification once the samples had been 
delivered to Thames Water laboratories.
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Sample
time
Parameter to be 
measured
Sample
Volume
Sample
Duration A (4)
Sampling Time 
B (4) C (2) D(2)
0 min Sample Enumeration 250ml 10mm 0 min 0 min 0 min 0 min
ATP 20ml 5min 0 min 0 min Omin 0 min
5 min Sample Eniuneration 250ml lOmin 5min 5min 5min 5min
ATP 20ml 5min 15min 15mm 15min 15min
SEM samples 100ml lOmin 20min 20min 20min 20min
POC 1000ml 20min 30min 30min 30min 30mm
SS 500ml lOmin 50min 50min 50min 50min
Ihr Sample Eniuneration 250ml lOmin 60min 60min 60min 60min
ATP 20ml 5min 70min 70min 70min 70min
POC 1000ml 20min 75min 75mm 75min 75mm
SS 500ml 10mm 95min 95min 95min 95min
2hr Sample Enumeration 250ml lOmin 120min 120min 120min 120min
ATP 20ml 5min 130min 130min 130min 130min
SEM samples 100ml lOmin 135min 135min 135min 135min
POC 1000ml 20min 145min 145min 145min 145min
SS 500ml lOmin 165min 165min 165min 165min
3 hr Sample Enumeration 250ml lOmin 180min 180min 180min 180min
ATP 20ml 5min 190min 190min 190min 190min
POC 1000ml 20min 195min 195min 195min 195min
SS 500ml 10mm 215min 215min 215min 215min
4 hr Sample Enumeration 250ml 10mm 240min 240min 240min 240min
ATP 20ml 5min 250min 250min 250min 25 Omin
SEM samples 100ml lOmin 255min 255min 255min 255min
POC 1000ml 20min 265min 265min 265min 265min
SS 500ml lOmin 285min 285min 285min 285min
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APPENDIX II 
Fixing Methodology for Critical Point Drying
Before a sample can be critically point dried it is necessary to fix the sample. This will 
minimise sample loss caused by the high turbulence experience during this drying process. 
The removal of water from the samples is carried out through the addition of 
gluteraldehyde and subsequently acetone. However, before acetone can be added the 
water in the sample must be replaced by alcohol. The process is described in detail below.
1. Place the moist (but not wet) sample in a suitable container, such as glass bottle.
2. Add 2.5% gluteraldehyde and leave the sample to stand for approximately 2 to 4
hours. Do not allow the sample to dry out at this or any subsequent stage.
3. Rinse the sample twice with buffer solution or deionised water, leaving it to stand for a 
minimum of 10 to 15 minutes for each rinse.
4. Drain off the rinse solution and add 50% ethanol. Again, leave for a minimum of 10 to 
15 minutes.
5. Drain and add 70% ethanol. Leave for a minimum of 10 to 15 minutes.
6. Drain and add 90% ethanol. Leave for a minimum of 10 to 15 minutes.
7. Drain and add absolute ethanol. Leave for a minimum of 10 to 15 minutes.
8. Drain and add 2 parts to 1 of ethanol to acetone (using an equivalent concentration of 
ethanol to acetone). Leave for a minimum of 10 to 15 minutes.
9. Drain and add 1 to 1 ethanol to acetone. Leave for a minimum of 10 to 15 minutes.
10.Drain and add 1 part to 2 of ethanol to. Leave for a minimum of 10 to 15 minutes.
11.Drain and add absolute acetone. Leave for a minimum of 10 to 15 minutes. The 
sample should now be critically point dried.
The sample may be stored overnight after the addition of 70% ethanol (step 5). However, 
the sample should not be stored for too long at this stage. NEVER aUow the sample to 
dry out since this may destroy it.
Acknowledgment
I would like to thank Sarah McMath (RE) for the information she supplied regarding the 
above fixing methodology.
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APPENDIX III
HAZARD STUDY REPORT
Please note the following changes to the pilot plant set-up:
The supply tank is now situated at ground level. Dosing is controlled by peristaltic 
pumps.
The tappings to the particle counter sensors from tank A are no longer shared with the 
sample tappings. Instead, new tappings have been made directly into the side of the 
tank. The tappings supplying the particle counters have been extended into the tank 
bed with the aim of getting representative samples.
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1. PROJECT TITLE
Monitoring and Evaluating the Removal of Naturally Occurring Particles bv Uprated 
Slow Sand Filters
2. OBJECTIVE
To further the understanding of the removal and entrapment mechanisms of 
naturally occurring organisms within biological filter beds. The research will 
try to assess why certain particles are, and others not, removed within the 
filter bed. This project will aim to suggest possible filtration mechanisms 
and/or operating conditions Influencing particle removal, in particular focusing 
on the effect of physical particle properties, whilst aiming to take Into 
consideration the Impact of chemical and biological characteristics. Filter 
efficiency will be assessed and evaluated under different controlled operating 
conditions, such as particle properties, particle concentration, mixture of 
particles and bed maturity.
3. PERSONNEL
Operator: Helen Evans
Supervisor: Mike Chlpps
4. EQUIPMENT USED
Slow Sand Pilot Plant 
Peristaltic Pumps 
Stirrers and motors 
PMS Laser particle counters 
Portable turbidimeters 
HIAC on-line turbidimeters
5. MICRO-ORGANISMS USED
Mlcro-oroanlsms Quantity Used Quantltv Stored
Bacilllus globigii < 500 ml per test 2 litres @ approx. 5x10^° spores/ml 
Chiorelia vulgaris « 1 litre ~ 4 litres
Page 1
6. GENERAL PROCESS DESCRIPTION
The pilot plant consists of a tank of approximate length 3 m, width 1.8 m and 
height 1.5 m. The tank is divided into two rows of five bed units, each of 
approximate surface area 0.6 m by 0.9 m. Only four of the units will be used 
for this project. Slow sand filtered water, from the main Kempton WTW, will 
feed the four filter units from the top. A solution of the organisms to be dosed 
will be made and stored In a tank on a platform next to the filter units (Figure 
1). The available head between the dosing tank and the slow sand filter units 
Is approximately 1.2 m. This dosing solution will then flow under gravity to 
the top of the four units at a controlled flow rate. The particle solution will 
then flow through a depth of approximately 0.5 m of sand (collected from the 
main treatment works slow sand filter supply). Tapping have been made on 
the side of the tanks In order to allow the collection of samples at different 
depths throughout the sand bed (Figures 2 and 3).
During the dosing of organisms, a known concentration of organisms will be 
added to a tank (of approximate volume 0.65 m3) partially filled with water. 
The concentration of organisms and volume of water will be calculated in 
order to yield the required concentration of organisms to the filter units. The 
organisms will be maintained in suspension by a stirring device. The dosing 
tank will be situated on a platform of approximate height 3 m, with the solution 
fed via a peristaltic pump. This platform has safety railings around It 
perimeter and Is accessed via a secured, metal staircase.
Figure 1 gives the general layout of the slow sand filter pilot plant, dosing 
tank and waste tank at Kempton Park. Details of the pilot slow sand filter 
units and their tappings are given In Figures 2 and 3.
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7. HAZARDS INHERENT IN PROCESS
7.1 Project Location & Layout
The pilot plant is situated in a building, which also houses pilot plants used 
for other current research projects. The pilot plant, under discussion, has 
been designed and positioned so as not to obstruct passageways. There is 
no influence from the proposed work on current fire and safety procedures 
within the building.
7.2 Chemical, Corrosive, Toxic & Dust Hazards
There are no chemical, corrosive, toxic nor dust hazards associated with this 
pilot plant/ project.
7.3 Biological Hazards
Two microorganisms have been proposed for this experimental work, i.e. 
bacterium spores of Bacillus globigii (var. niger) and the algae, Chiorelia 
vulgaris. Appendix I contains risk assessments for organisms. Both 
organisms are non-pathogenic to man, other animals and plants. However, 
the usual codes of practice relating to microbiological laboratories must be 
observed. If it is desired to dose with other organisms, further risk 
assessments will be carried out.
The recommended safe handling procedures must be followed and all 
relevant personal protective equipment worn.
7.4 Spillage's
There is no potential harmful effects resulting from possible spillage’s during 
the projects experimental runs. All sample taps will be flowing continuously 
and will drain into a waste tank, of height 0.35 m, situated beneath the 
sample tappings. This waste water will then be pumped outside of the 
building and then to waste. As a result of this design, any spillage’s that may 
occur during sampling will fall directly into the waste tank. A grid will be 
placed on the surface of this tank in order to allow access to all tappings and 
to prevent potential accidents.
7.5 Radiation, Fire & Explosion Hazards
There are no radiation, fire nor explosion hazards associated with this pilot 
plant/ project.
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7.6 Hazards of Water Release
All fixtures on the tank have been made to ensure no leakages or breakages. 
If a breakage was to occur there are adequate numbers of labeled valves to 
contain the flow of water. Breakages in water supply poses no potential 
hazard. Pumps are operated by float mechanisms and would hence be 
automatically shut off.
7.7 Extreme Temperatures & Pressure Hazards
There are no extreme temperatures nor high pressures hazards associated 
with this pilot plant/ project.
7.8 Static Electricity & Electrical Hazards
There are no static electricity nor electrical hazards associated with this pilot 
plant/ project.
7.9 Machinery Hazards
The only machinery to be used during this project are float control pumps and 
peristaltic pumps. In both cases all working parts are protected to prevent 
accidents. All pumps will be operated within their safe working limits.
7.10 Noise & Vibration Hazards
There are no noise nor vibration hazards associated with this pilot plant/ 
project.
7.11 Manual Handling Hazards
The tanks used in this project will periodically require digging out and refilling 
with clean sand. Attention will be given to ensure that the work will not risk 
the health and welfare of the employee. Guidance set down in HSL 10 and 
the Manual Handling Operations Regulations will be followed.
8. DESIGN GUIDELINES
The tank has a metal frame support structure constructed around its 
perimeter which encompasses tank fittings, minimizing the risk of tappings 
being hit and broken and preventing harm to employees. Mobile stairs are 
also available for access to and viewing of the top of the filter units.
The pilot plant has been designed so as not to obstruct passageways and 
exits, and also to allow access to all valves and tank fittings. The waste
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water tank has been covered with a metal grid which can be stood on. This 
allows further access to the sample taps and valves.
The supply tank is to be positioned on a platform above the pilot plant, with 
fitted security railings.
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9. APPENDIX I
9.1 RISK ASSESSMENTS OF MICROORGANISMS USED
Organism name: BIOLYTE BIOTRACE
Composition: Bacillus globigii {var. niger) spores and salt in a water base
Hazards: May cause irritation to eyes 
Exposure can irritate sensitive skins 
If ingested may lead to nausea or diarrhoea 
If inhaled may cause irritation
Limitations: Store in cold conditions at less than 7°C. 
DO NOT ALLOW TO FREEZE.
Control measures: Wear following protective clothing during use 
Rubber gloves, do not handle bulk product directly 
Safety glasses
Avoid breathing vapours, wear mask
Treat as you would any chemical or biological liquid. Always 
wash hands thoroughly after use.
No. Persons exposed: 1
Other information: In the event of spillage:
Small spillage’s can be washed away with water. Product is 
biodegradable. The residue can be washed away. Check local 
authority requirements for disposal of large quantities.
Risk assessment: If solution comes into contact with eyes, wash thoroughly with 
water or saline for at least 15 minutes, then seek medical 
attention
If solution contacts skin wash area with soap and water.
If ingested give two glasses of water to dilute. Do not induce 
vomiting.
If inhaled calm individual, allow plenty of fresh air, loosen clothing 
around neck.
Approved safe to use subject to above conditions.
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9.2 RISK ASSESSMENTS OF CHEMICALS USED
Product name: ANALAR HYDROCHLORIC ACID
COSHH substance: HYDROCHLORIC ACID
Use: Recovery medium for Bacillus globigii (var. niger) spores
Hazards: CORROSIVE 
Causes burns 
Irritant to respiratory system
If ingested causes severe internal irritation and damage 
Dilute acid irritates the eyes and skin and may cause burns
Limitations: Ensure adequate ventilation 
Store away from bases
Control measures: Wear following protective clothing during use:
PVC or polyethylene gloves
Goggles
Avoid contact with skin 
Avoid breathing vapours
No. persons exposed: 1
Other information: In the event of spillage
Wear rubber boots and usual protective clothing
Spread soda ash liberally over spillage then mop up cautiously 
with water
Run to waste diluting greatly with water 
Wash spillage site thoroughly with water
Risk assessment: If acid comes into contact with eyes, wash thoroughly with water 
or saline for at least 15 minutes, then seek medical attention
If acid contacts skin wash area with copious quantities of water, 
remove any contaminated clothing and obtain medical attention, 
unless contact has been slight.
If ingested wash mouth out thoroughly and drink plenty of water, 
then seek medical attention.
Approved safe to use subject to above conditions.
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Product name: SODIUM CHLORIDE
COSHH substances: SODIUM CHLORIDE
Use: Recovery medium for Bacillus globigii (var. niger) spores
Hazards: IRRITANT
Causes irritation to the eyes
After ingestion of large amounts: nausea, vomiting, spasms. No 
toxic effects are to be expected when handled properly
Limitations: Store at room temperature (15 to 25 °C ), protect from direct 
sunlight and moisture
Control measures: As appropriate to quantity handled, wear following protective 
clothing during use:
Rubber or plastic gloves
Safety glasses or face-shield
Extraction hood; Dust respirator
Plastic apron, sleeves, boots - if handling large quantities
No. persons exposed: 1
Other information: In the event of spillage
Wear appropriate protective clothing
If local regulations permit, mop up with plenty of water and run to 
waste, diluting greatly with running water. Otherwise transfer to 
container and arrange removal by disposal company. Wash site 
of spillage thoroughly with detergent and water
For large spillage’s liquids should be contained with sand or 
earth and both liquids and solids transferred to salvage 
containers. Any residues should be treated for small spillage’s
Risk assessment: Eye contact: Irrigate thoroughly with water. If discomfort persists 
obtain medical attention
Inhalation: Remove from exposure
Skin contact - wash thoroughly with soap and water
Ingestion- wash out mouth thoroughly with water. In severe 
cases obtain medical attention.
Approved safe to use subject to above conditions. No 
environmental hazard is anticipated provided that the material is 
handled and disposed of with due care and attention.
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1. Summary
This report gives a summary of the work carried out during the last six month period. 
Weekly dosing experiments have taken place on pilot scale slow sand filters with the aim 
of furthering the understanding * of particle removal mechanisms that occur within 
biologically active filter beds. Samples were taken for chemical and biological analysis in 
addition to analysis by a scanning electron microscope. The consolidated and statistically 
analysed results of the experiments will be reported and discussed in the next six monthly 
report.
Samples o f  B a c i l l u s  g l o b i g i i  (var. n i g e r )  spores and C h i o r e l i a  v u l g a r i s ,  used to spike the 
filter beds, have been analyzed using the Microbial Adhesion To Hexadecane (MATH) test 
in order to assess their hydrophobic properties. Further analysis is to be carried out on 
germinated B a c i l l u s  g l o b i g i i  samples. This work will be fully documented in the next six 
monthly report.
2. Microbial Adhesion To Hexadecane (MATH)
The MATH test was originally proposed by Rosenberg (1984), and is a means by which 
the hydrophobic/ hydrophilic properties of biological organisms can be assessed. The 
method employs adding hexadecane (C16H34) to the suspension under examination and 
determining the partitioning of the microbial organisms to the hexadecane layer that 
separates and forms on the top of the aqueous suspension. Organism adherence to 
hexadecane occurs due to their aversion to water, i.e. their hydrophobicity.
Initial trials were carried out on suspensions of B a c i l l u s  g l o b i g i i  (var. n i g e r )  spores and 
C h i o r e l i a  v u l g a r i s .  Further trials are to be carried out on germinated cells of B a c i l l u s  
g l o b i g i i  (var. n i g e r )  spores for comparison.
2.1 Hexadecane Partitioning Methodology
•  The B a c i l l u s  g l o b i g i i  (var. n i g e r )  spores and C h i o r e l i a  v u l g a r i s  were each suspended 
in distilled water to give suspensions of approximately 10  ^to 10  ^spores/ cells per ml.
• 1 ml of each suspension was pipetted into a glass or plastic eppendorf. The 
transmittance of the suspensions was measured using a PU 8820 UV/VIS 
spectrophotometer. The transmittance of n-hexadecane (Sigma) was also measured, 
to be used later as the reference blank. Three analyses were carried out on each 
suspension.
• 1 ml of the suspension was pipetted into a 1500 pi centrifuge tube. To this was added 
500 pi hexadecane. Three samples were prepared of each suspension.
• Each sample was vortex mixed for 1 minute and left to stand for a minimum of 15 
minutes.
• Sufficient volumes of the aqueous suspensions, say 800 pi, were carefully pipette off 
and placed into ‘Eppendorfs’. The transmittance of the suspensions was measured.
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The percentage adherence of the suspensions, indicating the hydrophobicity, to 
hexadecane was calculated using Equation 2.1.
% Adherence = initial transmittance - lower transmittance x 100 %  Equation 2.1
initial transmittance
where: lower transmittance = transmittance of lower aqueous suspension after
addition of hexadecane
2.2 Results
transmittance 
before addition of 
hexadecane
transmittance after addition of 
hexadecane
hexadecane 
suspension (top)
Aqueous
suspension
(bottom)
Test 1 1.653 0.020 1.633
C h i o r e l i a Test 2 1.669 0.011 1.648
v u l g a r i s Test 3 1.661 0.011 1.629
Average 1.661 0.014 1.637
Test 1 0.945 0.025 0.974
B a c i l l u s Test 2 0.941 0.022 0.927
g l o b i g i i Test 3 0.951 0.026 0.923
Average 0.946 0.024 0.941
% Adherence C h i o r e l i a  v u l g a r i s  = 1.661 - 1.637 x 100 %
1.661 
= 1.4%
% Adherence B a c i l l u s  g l o b i g i i  spores = 0.946 - 0.941 x 100 %
0.946 
= 0.5 %
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2.3 Discussion
It is important to stress that the percentage adhesion as measured using the MATH test, is 
only an indication of the organisms hydrophobicity. In general bacterial cells are 
negatively charged and often exhibit a high degree of hydrophobicity. The formation of 
extracellular polysaccharides (EPS) by bacterial and algal cells can alter the surface 
charge. The reasons for the production of EPS are still not well understood, with its 
production having been observed both in healthy and starved bacterial cultures. EPS 
production does not necessarily result in a reduction of the surface negative charge, since 
the charge varies between different EPS strains.
Surface charge and hydrophobic properties can also be influenced by sex pili and flagella. 
Such protuberances may have different charges to the rest of the organism and may 
significantly influence the hydrophobic properties of the organism. Hence, the percentage 
adherence to hexadecane cannot be purely related to the organism’s surface charge. Other 
factors such as EPS production and the influence of differently charged protuberances may 
be involved.
The results reported above indicate a higher degree of hydrophilicity for the B a c i l l u s  
g l o b i g i i  spores (0.5 % adherence to hexadecane) than for the C h i o r e l i a  v u l g a r i s  { \  A  % 
adherence to hexadecane). Further tests will be carried out on germinated cells of 
B a c i l l u s  g l o b i g i i  (var. n i g e r )  spores for comparison.
2.4 References
Rosenberg, M & Doyle, R.J. (1984) Bacterial adhesion to hydrocarbons: a useful 
technique for studying cell surface hydrophobicity. FEMS Microbiol. Lett. 22, 337-341.
Reid, G; Cuperus, P.L.; Bruce, A.W.; Van der Mei, H.C.; Tomeczek, L.; Khoury, A H. & 
Busscher, H.J. (1992) Comparison of contact angles and adhesion to hexadecane of 
urogental, dairy, and poultry lactobacilli: effect of serial culture passages. A p p .  a n d  E n v .  
M i c r o b i o l  58 (5), 1549-1553.
3. Dosing Experiments
Before the dosing experiments were started dosing concentrations for the B a c i l l u s  g l o b i g i i  
spores and C h i o r e l i a  v u l g a r i s  were calculated. Dosing trials were then carried out in 
order to assess whether the estimated dosing concentrations were suitable. The B a c i l l u s  
g l o b i g i i  spore dosing trials were carried out in August. As a consequence of these initial 
trials it was determined that the concentration of B a c i l l u s  g l o b i g i i  should be reduced to 
approximately 2.5 x 10^ ® spores/hr. The spore suspension was highly concentrated 
(approximately 5 x 10^  ^ spores/litre), and was extremely viscous. Consequently it was 
difficult to measure out accurately the appropriate dosing volume, resulting in varying 
dosing concentrations between the dosing experiments.
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The C h i o r e l i a  v u l g a r i s  was supplied by ScientoV Sufficient C h i o r e l i a  v u l g a r i s  had been 
prepared by October 1996 in order for the dosing trials to commence. The final total 
concentration of C h i o r e l i a  v u l g a r i s  used in the dosing experiments was approximately 
25mg/l onto beds A and C over the five hour dosing period.
All dosing trials/ experiments were carried out on clean filter beds (i.e. the sand was 
washed and supplied jfrom the main treatment works at Kempton WTW, Thames Water). 
The first dosing experiment was started in November 1996. This run only lasted three 
weeks due to a failure of the pump supplying the raw water. In addition, the cold winter 
resulted in the exposed sections of the water logged pipes fi'eezing, preventing dosing 
from continuing until the middle of January.
A new run was started on the 6*^  January and weekly dosing experiments have been 
carried out. Samples were taken for scanning electron microscopy analysis on a weekly 
basis for the initial three weeks and then on a fortnightly basis.
The chosen form of sample preparation for analysis by the scanning electron microscope 
was determined to be critical point drying, which although time consuming caused the 
least disruption to samples.
4. Miscellaneous
1. Doctorate of Engineering courses:
• Marketing & Finance coursework was submitted on the 10^ October.
• Talking to the Media module was attended between 28^ October to 1^  November at 
Surrey University. A video promoting the EngD course to potential industrial 
sponsors was made as the assessment for the module.
2. Meetings attended:
• A meeting was attended with Chris Riccard (ICE) and Nigel Goodman (Thames 
Water) to discuss Chartership. The ICE training agreement was adapted for RE’s 
working within Thames Water by Fiona Dennison and Richard Scriven. with input 
and modifications from Helen Evans. The ‘training under agreement forms’ have 
been signed by the Thames Water personnel department.
• Acted as the Surrey RE representative at the Board of Studies Meeting at Brunei 
University, Runnymead campus on 15^ October.
• The first ‘National EngD Representatives’ meeting was attended at Cranfield 
University on the 11* Nov. It was proposed that an EngD Expo, should be 
arranged in order to publicize the merits of the EngD course and the qualities of the 
research engineers.
' Sciento, 61 Bury Old Road, Whitefield, Manchester M45 6TB.
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• An open day was attended at the MicroStructural Studies Unit (MSSU). Some 
useful information was gained for the analysis of samples by Scanning Electron 
microscopy.
• An evening meeting organized by CIWEM was attended on 11th February. Three 
presentations were given: (1) The design, development, construction and operation 
of an ultra-low pressure reverse osmosis system for groundwater softening, (2) 
Magnetic water treatment in mitigating scale formation, (3) The impact of flow 
perturbations in turbidity breakthrough fi'om sand filters.
3. Presentations:
• A one hour lecture was given to the Centre for Environmental Health Engineering 
(CEHE) MSc group on 8^ November. The presentation gave an introduction to 
particle measurement techniques, traditional filtration theory, biofilm theory, the 
perceived areas of weakness in current filtration theory and the general aims of my 
project.
• Five presentations were given to employees, contract workers and students of 
Thames Water by researchers based at Kempton Park on 13^ February. Helen Evans 
gave a presentation discussing research into biofilms, filtration theory and particle 
removal.
4. Trained staff and students in the use of the critical point drier in the MicroStructural 
Studies Unit.
5. Discussed disposal of hazardous waste produced subsequent to sample preparation 
with Angela Mundy from Waste and Central Services. Forms and labels are now kept 
in the back of the COSHH folder in the CEHE laboratory.
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Forty-eight month report 
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Presented as ‘Final Research Report’ Part 3.
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